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ABSTRACT 
 
 
 
Predicting the Removal of Trichloroethylene via Phytoremediation at 
 Hill Air Force Base, Using Recent and Historical Data 
 
 
by 
 
 
 
J Oliver Diamond, Master of Science 
Utah State University, 2016 
 
 
 
Major Professor: William J Doucette  
Department: Civil and Environmental Engineering 
 
 
   
Trichloroethylene (TCE) is a carcinogenic, chlorinated volatile organic compound 
that was commonly used as a degreasing solvent for aircraft maintenance at many US Air 
Force bases. Past improper disposal of TCE has resulted in contaminated groundwater at 
many of these facilities.  Phytoremediation, defined as the use of plants and their 
associated microorganisms to stabilize or remove contamination, has been implemented 
as part of a TCE groundwater cleanup at Travis Air Force base near Sacramento, CA and 
is being considered as a remediation option at other bases.  Volatilization of TCE from 
leaves and the surface of the soil near the trees were shown to be the most important 
removal mechanisms at the Travis site.  Past studies conducted on indigenous trees 
growing above TCE contaminated groundwater at several Hill Air Force Base (HAFB) 
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locations have also shown that TCE is taken up and volatilized by the trees.  However, 
phytoremediation has not been implemented, in part because of the difficulty in 
predicting the potential effectiveness of TCE removal over time.  
Flow through or recirculating chambers were used to quantify the amount of TCE 
removed by volatilization through leaf, trunk, and soil surfaces. Tenax™ sorbent tubes, 
used to collect TCE from the chambers, were analyzed by thermal desorption gas 
chromatography/mass spectrometry. Tree cores were collected using an incremental borer 
and analyzed by headspace GC/MS to quantify the TCE mass contained in the trees.  
Field measured transpiration stream concentrations (TSC) and groundwater data 
were used to calculate transpiration stream concentration factors (TSCF) for TCE. 
Comparing current and historical data, it was found that trees reach a steady state TSCF 
value of 0.26 after about 15 years.  
Using this information, it was predicted that a phytoremediation plot containing 
40 poplar trees located in a seep area within HAFB OU2 would remove 4.82 kg of TCE 
annually. A larger plot covering the entire hillside above this seep (160 trees) could 
remove up to 19.28 kg of TCE annually, once trees reach a steady state TSCF. 
         (100 pages) 
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PUBLIC ABSTRACT 
 
Predicting the Removal of Trichloroethylene via Phytoremediation at 
 Hill Air Force Base, Using Recent and Historical Data 
By 
J. Oliver Diamond  
Trichloroethylene (TCE) is a carcinogenic, chlorinated volatile organic compound 
that was commonly used as a degreasing solvent for aircraft maintenance at many US Air 
Force bases. Past improper disposal of TCE has resulted in contaminated groundwater 
plumes surrounding many of these facilities.  Phytoremediation, defined as the use of 
plants and their associated microorganisms to stabilize or remove contamination, has 
been implemented as part of a TCE groundwater cleanup effort at Travis Air Force base 
near Sacramento, CA and is being considered as a remediation option at other bases.  
Volatilization of TCE from leaves and the surface of the soil near the trees were shown to 
be the most important removal mechanisms at the Travis site.  Past studies conducted on 
indigenous trees growing above TCE contaminated groundwater at several Hill Air Force 
Base (HAFB) locations have also shown that TCE is taken up and volatilized by the trees.  
However, phytoremediation has not been implemented, in part because of the difficulty in 
predicting the potential effectiveness of TCE removal as the trees mature.  
 To help address this shortcoming and evaluate the potential removal effectiveness 
of phytoremediation, a demonstration plot was initiated within a TCE contaminated seep 
area at HAFB OU2 in the spring of 2013. Poplar poles were planted in holes dug to near 
the depth of the groundwater to eliminate the need for an irrigation system, but 
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consecutive hot, dry springs resulted low survival rates and only 25% of the planted 
poplar poles survived after the end of the second summer. In order for a test plot to have 
a higher success rate, an irrigation system should be installed. 
 Samples were taken in order to quantify the amount of TCE removed by 
volatilization through leaf, trunk, and soil surfaces. Volatilization samples were collected 
on Tenax™ sorbent tubes and analyzed by thermal desorption gas chromatography/mass 
spectrometry. Tree cores were sampled using an incremental borer and analyzed by 
headspace GC/MS to quantify the TCE mass contained in the trees.  
A Thiessen polygon approach was used to scale the measured TCE removal from 
the sampled trees to the entire site. A polygon was generated for each sampling location 
and assuming that the single measured value was representative of the entire area.   The 
TCE leaving each polygon was calculated and the mass removed from each polygon was 
summed to estimate the total TCE removal from the site. Groundwater plume maps were 
used along with the sample locations to define polygon boundaries. 
The mass of TCE contained in the groundwater plume was estimated from 
historical groundwater data using a polygon approach. The polygon boundary used was 
the same as the boundary used to scale flux sampling at the site. The volume of the plume 
was estimated from the average plume depth for each polygon.  This was calculated by 
subtracting the plume depth elevation from the maximum groundwater elevation for the 
sampled wells, assuming each polygon had a uniform depth. By multiplying the plume 
depth by the average of the groundwater polygon area, the volume was estimated. Once 
plume volume was found, the mass of TCE contained in the plume was estimated. There 
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is currently an estimated 916 kg of TCE contained in the groundwater plume. HAFB 
estimated 1280 kg TCE contained in the plume in 2006 using a similar approach. 
 Based on a 260 day growing season and the existing trees at the site, it was 
estimated that 0.278 kg TCE is removed annually at HAFB Operable Unit 2.  A 
prediction of future removal was also estimated for a phytoremediation demonstration 
plot containing 40 poplar trees located over the seep area and a large scale plot containing 
160 trees over the entire hillside above the contamination plume. 
 Field measured transpiration stream concentrations (TSC) and 
groundwater data were used to calculate transpiration stream concentration factors 
(TSCF) for TCE. Comparing current and historical data, it was found that trees reach a 
steady state TSCF value of 0.26 after about 15 years.  
 It was predicted that a phytoremediation demonstration plot containing 40 poplar 
trees at HAFB OU2 would remove 4.82 kg of TCE annually. A larger plot covering the 
entire hillside at HAFB OU2 (160 trees) could remove up to 19.28 kg of TCE annually, 
once trees become mature 
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 INTRODUCTION 
Literature Review 
Trichloroethylene (TCE) is a chlorinated volatile organic compound (CVOC) 
widely used as a solvent. The Agency for Toxic Substances and Disease Registry 
(ATSDR) reports that TCE is the most common organic contaminant in US groundwater 
and estimates that 9 to 34% of drinking water supplies have some TCE contamination 
below the maximum contamination level (MCL) of 5µg/L (EPA, 2014). A list of 
environmentally relevant physical and chemical properties for TCE is provided in Table 1 
below. 
 
Table	1	Environmentally	relevant	physical	and	chemical	properties	of	TCE	
Property Value Reference 
Molecular Formula C2-H1-Cl3 HSDB, 2006 
Molecular Weight 131.39 Lide, 1998 
Melting Point (°C) -84.7  Lide, 1998 
Boiling Point (°C) 87.2 Lide, 1998 
Aqueous Solubility (g/L) 1.28 Horvath et al 1999 
Atmospheric Half Life 7 Days  EPA, 2014  
Vapor Pressure (mmHg at 
25 °C) 
69.0 Gosset, 1987 
Henry’s Law Constant 
(atm-m3/mole) 
09.85E-3 Leighton and Calo, 1981 
Log Kow 2.61 Hansch, et al 1995 
Log Koc 2.02 Lyman, 1982 
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 The primary use of TCE is in the degreasing of metal parts, but it is also used as 
an extraction solvent for greases, oils, fats, waxes, and tars (EPA, 2014). TCE is also 
used in consumer products such as typewriter correction fluids, paint removers, 
adhesives, and cleaning fluids for rugs (EPA, 2014). TCE is also used to produce other 
chemicals, specifically the refrigerant HFC-134a (ASTDR, 1997).  
 Exposure to TCE can occur from contaminated groundwater, surface water, soil, 
and air near sites where TCE is manufactured or used. Workers in factories where TCE is 
used or manufactured are at higher risk of TCE exposure than persons living near 
factories (ATSDR, 2015). Other jobs with an increased risk of TCE exposure include: dry 
cleaners, mechanics, oil processors, printers, shoemakers and other rubber cementers, 
textile and fabric cleaners, and varnish workers (ATSDR, 2015). 
People are likely to be exposed to TCE by contaminated drinking water, ambient 
outdoor or indoor air, or less commonly, contaminated foods (Chiu et al, 2013).  TCE 
that has been ingested will move from the stomach to the bloodstream. TCE in the air can 
easily enter the body through respiration and then enter into the bloodstream and other 
organs. A small amount of TCE in the air can also move through the skin and enter the 
bloodstream (ATSDR, 1991).  TCE exposure can be measured in exhaled breath and 
breakdown of TCE products can be measured in urine or blood (EPA, 2014). 
Health effects due to TCE exposure depend on the amount of TCE persons are 
exposed to and the length of exposure. TCE is known to have both acute and chronic 
effects. TCE is classified by the International Agency for Research on Cancer (IARC) as 
a Group 1 carcinogen. Group 1 carcinogens are described as “carcinogenic to humans” 
and there are currently 116 chemical agents classified as Group 1.  
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The US EPA has set the MCL for TCE in water at 5µg/L (EPA, 2014). The EPA 
sets environmental standards based on the Safe Drinking Water Act of 1974. The MCL is 
based on the Maximum Contaminant Level Goal (MCLG) and considers treatment costs 
and technology. The MCLG is defined as the maximum constituent concentration that 
can be present in drinking water, which can be consumed over a lifetime, without causing 
any adverse health effects (EPA, 2014). Since TCE is an IARC Group 1 carcinogen the 
MCLG is 0 mg/L.  The EPA has not set an MCL for TCE contamination in the 
atmosphere. Due to its short half-life in the atmosphere TCE is not likely to bio-
accumulate in the food chain (ATSDR, 2010). 
 When present in the subsurface environment at concentrations greater than its 
aqueous solubility (1.28 g/L), TCE can act as a dense, non-aqueous phase liquid 
(DNAPL) making groundwater remediation difficult. Remediation techniques for the 
groundwater cleanup of TCE include pump and treat, air stripping, permeable barriers 
and most commonly, bioremediation. However, implementing these techniques can be 
costly and labor-intensive. 
Air stripping is a technique used to remove TCE from contaminated water. A 
constant stream of air is pumped through the water to remove contamination. This 
method takes advantage of TCE’s relatively high Henry’s law constant (0.009 atm-
m3/mole) and water solubility.  This is a commonly used method for cleaning up 
contaminated water, however it only moves contamination from one medium to another 
(Russell et al, 1992). Popular air stripping designs are packed towers and spray towers. 
These designs allow for maximum air/water contact for TCE and other volatile organic 
compounds. These towers allow for large volumes of air to pass through the 
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contaminated water. Once the TCE comes in contact with the air, it favors volatilization 
and the contamination exists in the atmosphere (t0.5=7 days), where it can further be 
cleaned using other methods (Russell et al, 1992). 
Bioremediation is a more cost efficient technique used to clean up TCE 
contamination compared to air stripping or pump and treat methods. Bioremediation uses 
carbon sources as an electron donor to encourage microbial TCE dechlorination.  
Microbes may be injected into the contaminated soil and groundwater to facilitate 
dehalogenation of TCE through respiration.  
Phytoremediation has also been used to clean up TCE contaminated soil and 
groundwater. Phytoremediation is defined as the direct use of plants and their associated 
microorganisms to stabilize or reduce contamination in soils, sludge, sediments, surface 
water, or ground water (EPA, 2012).  Phytoremediation works best when the 
contamination is relatively shallow and the concentrations are non-toxic to plants. 
Although phytoremediation is a relatively inexpensive, low maintenance clean up option, 
it is not appropriate for all sites. Phytoremediation is a good candidate for cleanup of 
contaminated areas with shallow ground water and hot dry summer seasons, where plants 
rely more heavily on groundwater than precipitation to meet their water requirements.  
 5 
 
Figure	1	Conceptual	model	of	TCE	removal	mechanisms	during	phytoremediation		
 
 
Deep-rooted trees can uptake TCE from the contaminated groundwater, where it 
can be sorbed, and removed by volatilization through the surrounding soil. 
Trichloroacetic acid (TCAA), dichloroacetic acid (DCAA) and trichloroethanol (TCEt) 
have been identified as tree metabolites of TCE (Doucette et al, 2003; Odom, 2013). A 
laboratory study suggested the accumulation of TCAA in the leaves was independent of 
the concentration of TCE at a specific time and no relationship between TCAA and TCE 
concentrations was found (Odom, 2013). This is likely due to the highly water soluble, 
non-volatile nature of the metabolites that tend to accumulate in the leaves while the 
highly volatile TCE can be volatized with the transpired water from the leaves, trunk and 
stem. 
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Trichloroethylene Uptake 
 
 
The annual uptake of TCE by plants can be estimated by using the following 
equation (Doucette et al, 2003) 
 
Annual TCE taken up by plants = TSCF*CTCE*T*f            (1)  
or 
Annual TCE taken up by plants = TSC (measured)*T           (2) 
   
where TSCF is the Transpiration Stream Concentration Factor, CTCE is the TCE 
concentration in the groundwater (mg/L) used by the plants, T is the total water 
transpired through the plant (L/m2*year), and f is the fraction of contaminated 
groundwater used by the plant to meet its water needs.  The TSCF is defined as the 
concentration of TCE in the xylem divided by the concentration of TCE in the water used 
by the plants. Typically, TSCF values are determined through controlled exposure tests 
conducted in laboratory greenhouses or growth chambers but TSCF values can also be 
estimated from the ratio of field measured transpiration stream concentration (TSC) and 
groundwater concentration. Field measurements of TSC are made by simultaneously 
collecting the mass of TCE and water volatilized from leaves enclosed in a high airflow 
chamber (Doucette et al., 2003). The mass ratio of TCE to water is converted to a TCE 
mass to water volume ratio assuming 1 kg of water equals 1 L of water. Stable isotope 
measurement of hydrogen of oxygen can be used to estimate the fraction of groundwater 
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used by the trees in the field (Dawson, 1996). However, for non-irrigated trees at HAFB 
the fraction of groundwater used is likely one (Doucette et al, 2003) 
The TSC is a direct measure of the TCE/water ratio transpired by the trees and 
can be extrapolated to estimate removal for an entire tree or group of trees based on a few 
assumptions: the TSC is the same for all leaves of the tree and for all trees exposed to the 
same groundwater concentration of TCE, TCE is uniformly distributed in the root zone, a 
total tree transpiration rate is known or can be estimated, and transpiration rates are 
similar across the community (Bugbee and Doucette, 1998; Doucette et al, 2003).  
The total water transpired, T (cm3/month) can be estimated using the equation 
modified by Ferro et al (2001). 
 
T = PET * A                 (3) 
 
where PET is the potential evapotranspiration (cm/month) and A is the area covered by 
the tree canopy (cm2). PET can be calculated with the Penman-Montieth equation, and is 
a function of radiation, soil heat flux, temperature, vapor pressure, and wind speed 
(Winters, 2008). Maximum rates of daily water use were found to be between 10 and 200 
L/day for individual trees 90 percent of the time (Wullschleger et al, 1998). The total 
water transpired must be converted from cm3/month to L/year in order to be used in 
Equation (2). 
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Previous Phytoremediation Related Studies at Hill Air Force Base, UT 
 
 
Hill Air Force Base (HAFB) is located in northern Utah, about 30 miles north of 
Salt Lake City and 5 miles south of Ogden. The elevation ranges from approximately 
4600 to 5000 feet above mean sea level. The hottest and driest months are June through 
August, while the majority of precipitation falls from November through January. The 
relatively shallow TCE contaminated aquifers (not used as drinking water sources) and 
hot, dry summer months make HAFB an ideal candidate for phytoremediation. Several 
studies have been previously conducted at HAFB to determine if indigenous vegetation 
was involved in the uptake and volatilization of TCE.  
The volatilization of TCE from shallow contaminated groundwater through trees 
and soil at HAFB Operational Unit 2 (OU2) was compared to Cape Canaveral Air Station 
(CCAS) in Florida (Doucette et al, 2003). It was found that the TCE concentrations in 
plant tissues were 10 to 100 times greater at HAFB than at CCAS, even though both sites 
had comparable groundwater concentrations. It was concluded that concentrations of 
TCE in the trees were higher at HAFB because of the hot, dry climate that forces plants 
to rely more heavily on groundwater than precipitation for their needs. The study also 
found three non-volatile TCE metabolites, TCAA, DCAA, and TCEt in all sampled 
plants living over the contaminated areas indicating that plants can metabolize TCE. No 
attempt was made to evaluate metabolism rates; the study only confirmed that TCE was 
being transformed since these compounds were not in the groundwater. 
 A second study at HAFB OU2 (Rogers, 2006) quantified the amount of TCE 
removed by indigenous trees through phytovolatilization and estimated the amount 
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removed on an annual basis. The study concluded that TCE concentrations in the 
transpired water had a mean concentration of 16 µg/L, and that each tree was estimated to 
remove 370 to 410 mg of TCE per year.  
 A third study was completed in 2008 (Winters, 2008) to quantify the amount of 
TCE removed by leaf, trunk (as a function of seasonal groundwater use by trees), and soil 
surface volatilization, and to compare this to the amount removed by an interceptor 
trench installed in 1997. The interceptor trench was installed at the leading edge of the 
contaminated plume 22 to 35 feet below ground surface, cost $450,000 to install, and cost 
$20,000 for annual operation and maintenance (Winters, 2008). The interceptor trench 
was designed to collect groundwater with TCE concentrations above 5 µg/L at a rate of 
10 to 100 gallons/min. The comparison was made to determine if phytovolatilization and 
soil volatilization is significant relative to the interception trench and might be viable 
options for TCE removal at similar sites. It was concluded that total TCE removal was 
390 to 424 g/year due to volatilization, which was only six times lower than estimated 
removal from the interceptor trench. During the study, from 2008 through 2007, the 
interceptor trench removed 2.5 kg of TCE.  
On May 24, 2010, 20 hybrid poplar trees were planted at HAFB OU10 Site 2 
(UR). The site is located approximately 1 mile west of HAFB west gate entrance, on the 
western boundary of the Universal Rent-All facility.  The trees were planted to determine 
if a phytoremediation demonstration test plot was a viable option for the cleanup of a 
TCE and PCE contaminated groundwater plume. Surface, tree trunk, and leaf 
volatilization were monitored, as well as tree cores sampled. The results from the tree 
cores showed that trees take up PCE and TCE. Leaf volatilization samples from 2011 
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showed no measureable amounts of TCE. Trunk volatilization samples ranged from 
below the estimated quantitation limit (EQL) to 8.45 grams TCE and <EQL to 4.07 
grams PCE. Surface volatilization measurements ranged from <EQL to 0.8 µg/m2-hr PCE 
and <EQL to 2.6µg/m2-hr TCE (Chard and Doucette, 2012). The study was discontinued 
3 years after trees were planted, before they had reached their maximum removal 
potential. 
 
Phytoremediation Demonstration Plots at Travis and Fairchild Air Force Base 
 
A study was conducted at Travis Air Force Base, California and Fairchild Air 
Force Base, Washington, to quantify the total TCE removal through phytoremediation 
test plots (Klein, 2011; Doucette et al, 2013). Tree cores were collected using an 
incremental borer to determine the relative TCE concentrations within the plume beneath 
the trees and to estimate the mass of TCE in each tree. Soil surface, trunk, and leaf 
volatilization were monitored using recirculating air systems and Tenax sorbent tubes to 
trap the contaminant. The Thiessen polygon method was used to scale the removal by the 
sampled trees to the entire demonstration plot. It was determined that the Travis AFB 
phytoremediation test plot was removing 839 g/yr of TCE and the Fairchild AFB test plot 
was removing 18 g/yr. The removal rates for the sites varied due to the difference in 
groundwater concentrations at the sites. In 2009 groundwater concentrations at Travis 
AFB ranged from 1.4 to 9196 µg/L while the groundwater concentrations at Fairchild 
AFB ranged from 9 to 190 µg/L (Klein, 2011). 
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OBJECTIVE 
 
The main objective of this study is to estimate the removal of TCE over time from a 
newly installed phytoremediation plot at HAFB OU2 using a combination of current and 
historical data. Data from the studies previously discussed, as well as current 
measurements of TCE removal through leaf, soil, and trunk volatilization were used. 
Specific tasks that were completed in order to accomplish the main objective were: 
1. Establish a phytoremediation test plot within a HAFB OU2 seep area by planting 
poplar poles and/or trees. 
2. Compile historical phytoremediation data from OU2, and other sites around 
HAFB to help predict potential TCE removal from the newly established 
phytoremediation test plot. Supplement this information with data from other 
relevant phytoremediation sites if available.  
3. Measure and scale the flux of TCE volatilized from the leaves, tree trunks, and 
soil surface to estimate the current total TCE removal at the OU2 site.  
4. Use measured field data and historical data to predict the TCE removal potential 
of a mature phytoremediation plot at HAFB OU2 
MATERIALS AND METHODS 
 
Site Description 
 
The 75th Air Base Wing provides operating support for the Ogden Air Logistics 
Center, the 388th and 419th Fighter Wings, and 25 tenant units.  During aircraft 
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maintenance, chlorinated solvents, such as TCE, were used for metal degreasing and 
cleaning operations. Due to the past, improper disposal of cleaning solvents, there are 
many contaminated groundwater plumes surrounding HAFB.  
This study examined Operable Unit 2 (OU2), while using related data from a 
phytoremediation study at HAFB OU10 behind Universal Rent-All (UR). Trees at the 
UR site were planted in 2010.  Measurements of tree circumference and height 
estimations were used to help estimate growth rates for poplar trees at known ages. 
OU2 is located in South Weber, Utah, near the northeastern boundary of HAFB. 
Coordinates for OU2 are 41° 8’ 12.30” N, 111° 58’ 7.92” W and is located on a steep hill 
just west of the Weber irrigation canal. Figure 2 shows an aerial view of OU2, with 
HAFB boundaries, seep location, the Weber canal, groundwater monitoring wells (blue), 
as well as several trees (yellow) sampled during the study. 
 
 
Figure	2	Aerial	view	of	OU2	showing	HAFB	boundary,	seep	location,	Weber	canal,	groundwater	
monitoring	wells,	and	trees	sampled	
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Phytoremediation Demonstration Plot Installation at HAFB OU2 
 
 A phytoremediation demonstration plot was installed at HAFB OU2 in the spring 
of 2013 and 2014 using 10 to12 foot poplar poles obtained from Bob Newhall (USU 
Extensions program soil conservation specialist, and Researcher III Plant, Soils, and 
Climate Department). The poplar poles were to be planted early in the spring directly into 
the shallow groundwater so that irrigation needs would be minimal. Holes were drilled 
approximately 4 feet into the soil using a gas-powered auger, with a 9-inch diameter. The 
bottom ends of the poplar poles were then cut off just prior to planting using a chain saw. 
The trees were then placed into the hole and re-filled with the removed soil. Figure 3 
shows the seep location with approximate locations of the planted poles. White markers 
represent the 30 poles planted spring 2013, blue markers represent poles planted spring 
2014, the yellow markers represent the mature trees “Old Poplar” and “Maple”, that were 
used for sampling. 
The early spring planting of poplar poles was delayed due to discussions with the 
Weber canal company over permission to install the test plot. The trees were planted in a 
seep area west of the Weber canal where trees were previously sampled before they were 
removed to improve the seep water collection system. The very hot, dry 2013 and 2014 
growing seasons made it difficult for the newly planted trees to become established, and a 
significant number of poles did not survive.  
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Figure	3	Aerial	view	of	seep	area	with	approximate	locations	of	planted	poplar	poles.	White	markers	
represent	poles	planted	in	2013,	blue	represent	poles	planted	in	2014.	Yellow	markers	show	mature	
trees	"Old	Poplar"	and	"Maple"	
 
 
Sample Collection Methods 
 
TCE	Volatilization	from	Tree	Trunks	
 
 
In order to measure volatilization through tree trunks, air was circulated through a 
well-mixed, stainless chamber fastened to the trunk surface at approximately 100 mL/min 
for 20 to 30 minutes, depending on environmental conditions and expected TCE 
concentrations, using an SKC portable sampling pump, model number 222-3. The trunk-
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sampling chamber is made out of a stainless steel bread pan. The bread pan is 8.5 X 5 
inches with foam padding secured to the bottom.  The foam padding helps create an 
airtight seal between the pan and tree. The surface area below the pan is 0.025 m2. The 
chamber was rinsed with methanol before the pump was connected to the chamber, then 
the apparatus was secured to an open (without branches) section of the trunk.  Two 
Tenax™ tubes were placed in series with one another, one trap is the “front” and the 
other is the “back.” One end of Tenax™ tubes was then connected to tubing coming from 
the stainless steel chamber, and the other was connected to tubing from the SKC pump. A 
battery pack containing 6 AA batteries is attached to two RadioShack fans, model 273-
240, inside the chamber, and the pump is then turned on to circulate air. The system is 
shown in Figure 4.  
 
 
Figure	4	Schematic	of	trunk-	volatilization	sampling	system	(Klein,	2011)	
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TCE	Volatilization	from	Soil	Surface	
 
 
Volatilization of TCE through the soil surface was measured and analyzed using 
the same general approach as the TCE volatilization from the tree trunks; the only 
difference is the size and shape of the sampling chamber. The soil volatilization-sampling 
chamber was made from a stainless steel bowl, with stainless steel tubing and two 
RadioShack model 273-240 fans. The soil surface area under the sampling chamber is 
0.035 m2. In order to seal the sampling chamber from possible contaminants outside the 
sampling area, clean sand was placed around the rim of the bowl. A schematic of the soil 
volatilization-sampling chamber can be seen in Figure 5. 
 
 
 
Figure	5	Schematic	of	surface-volatilization	sampling	system	(Klein,	2011)	
 
 17 
TCE	Volatilization	from	Leaves	
 
 
TCE volatilization from the leaves was monitored and analyzed similarly to the 
methods above. The apparatus used for leaf volatilization was adapted from (Doucette et 
al, 2003) and a schematic can be seen in Figure 6.  Tubing from the apparatus is 
connected to an air pump to supply the flow of air through the system. The air pump is 
connected to a power inverter, which is connected to a car battery. Tubing is connected to 
a glass chamber containing a section of leaves to be sampled and the chamber is sealed 
with a foam stopper. The outflow tubing was connected to silica gel traps, used to trap the 
transpired water, in series with two Tenax™ sorbent tubes. The apparatus is equipped 
with a Campbell Scientific CR200x Data logger. The data logger is used to monitor flow 
rates and humidity through the system, as well as ambient air temperature. 
 
 
Figure	6	Schematic	of	leaf	volatilization	sampling	system.	(Adapted	from	Doucete	et	al,	2003;	Klein	
2011)	
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The glass chamber was first rinsed with methanol and allowed to dry before 
leaves were inserted and the chamber was sealed with the foam stopper. The glass 
chamber was then secured to the apparatus and the proper tubing is connected. Before the 
30 minute sampling event occurred, the system was purged for 5 to10 minutes. While the 
system was purging, the data logger was connected to a 12V battery pack and the 
Tenax™ sorbent tubes and silica gel traps were prepared.  
Four Tenax™ tubes and two silica gel traps were used, two tubes were used for 
the sample, and two tubes were used as a blank to help determine any background 
contamination. The silica trap weights were measured before and after the sampling 
event, and each Tenax™ ID number was written down. The Tenax™ tubes were put in 
series with a front and back trap, similar to the methods mentioned earlier, and the back 
trap was connected to the silica gel. The traps were then connected to the apparatus and 
the correct tubing.  
After purging was completed, the sampling pump was turned on and valves on the 
back of the apparatus are opened to allow flow from the chamber to the traps. Using the 
data logger, the sample pump flow was kept at approximately 100 mL/min. Flows for the 
sample and blank were recorded initially, 15 minutes into the sampling event, and at the 
end of the sampling event. The chamber flows were monitored with rotometers and were 
kept at 6 L/min, based on the results from previous studies, to prevent humidity levels 
from reaching to unnatural levels within the chambers during sampling. Artificially high 
humidity levels in the chamber can reduce the natural transpiration rate. The glass 
chamber was continuously monitored visually to make sure no condensation was forming 
inside. 
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TCE	in	Tree	Cores	
	
Tree cores were collected and analyzed to determine TCE, and potentially 
existing chlorinated solvents moving through the trunk. The concentrations existing in the 
tree cores were also used to help determine what areas of the site have the highest 
groundwater concentration levels. Cores were extracted from trees with a Forestry 
Suppliers, Inc. incremental borer with a 0.2 in. (5mm) core diameter. The core tissue was 
removed and placed into a pre-weighed 20 mL headspace vial containing 10 mL of a 
saturated sodium chloride matrix modifier solution, lowered to a pH of 2 with phosphoric 
acid. Figure 7 shows an example of the incremental borer used to drill and extract tissue 
samples from the trees. 
The matrix modifier solution decreases the solubility of analytes in the aqueous 
phase, allowing for higher concentrations in the air phase. The vials are re-weighed 
before analysis to determine the mass of tissue sample placed into them during sampling. 
 
 
Figure	7	Example	of	incremental	borer	used	to	collect	tree	core	samples	
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Sample Analysis 
 
 After sampling was complete, Tenax™ sorbent tubes and headspace vials were 
brought back to the Utah Water Research Laboratory for analysis 
 
Tenax™	Sorbent	Tube	Samples	
 
Leaf, surface, and trunk volatilization samples were collected on Tenax™ sorbent 
tubes. Samples were analyzed using thermal desorption gas chromatography/ mass 
spectrometry (GC/MS). The Tenax™ tubes were analyzed using an Agilent® 6890/5793 
GC/MS equipped with a J&W Scientific (Folsom, California) DB-624 capillary column 
(30 m x 0.25 mm ID x 1.4 µm film thickness) using a Perkin Elmer TurboMatrix ATD 
Automated Thermal Desorber. External standards ranging from 1 to 100 ng were used to 
generate calibration curves to quantitate the samples. The MS was operated in selected 
ion monitoring (SIM) mode. 
 
Tree	Cores	
 
 
Headspace concentrations from tree core samples were analyzed using a Hewlett-
Packard® 7890A gas chromatograph (GC)/5973C mass spectrometer (MS) operated in 
SIM mode and was equipped with a CTC PAL auto sampler configured for headspace 
sampling. External standards ranging from 1 to 100 ng were used to generate calibration 
curves in order to quantitate the samples. 
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Scaling Discrete Samples to Entire Site 
 
The Thiessen Polygon Method was used to scale individual measurements to an 
appropriate larger area. The method was created by Alfred Theissen to interpret data from 
rain gauges within a watershed in the early 1900s (Klein, 2011). In the method, straight 
lines are drawn from sampling points to generate triangles. Perpendicular bisectors are 
then used to bisect the triangles and generate the polygons.  
The polygon boundary for surface volatilization measurements was generated 
based on sample location, and groundwater concentrations based from historical plume 
maps. The site boundary is considered to be the hillside, where the seep is located. Figure 
8 is a 2008 groundwater plume map used to help determine polygon boundaries and show 
previously used groundwater well sampling locations, and tree-sampling locations. The 
ranges of groundwater concentration shown in the figure are consistent with recent and 
historical groundwater data. 
 The method was used to scale the TCE removal from multiple soil volatilization 
samples to the site as a whole. The flux sampled in each polygon was considered to be 
representative of the entire polygon area. The flux from each polygon was calculated, and 
then all polygons were summed. By doing this it is possible to estimate the total mass 
removed at the site. The number of sample locations was small enough that the polygons 
were created manually. Figure 9 shows an example of how the polygons are created. 
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Figure	8	Groundwater	plume	map	of	HAFB	OU2	showing	groundwater	wells	and	trees	sampled	during	
previous	studies	(Winters,	2008)	
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Figure	9	Theissen	polygon	method.	A)	Connect	sampling	points	with	straight	lines.	B)	Draw	
perpendicular	bisectors.	C)	Cut	bisectors	where	they	intersect	each	other	and	the	site	boundary.		D)	
Final	Polygon		
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RESULTS AND DISCUSSION 
 
Establishment of Phytoremediation Test Plot 
 
 
During Spring 2013, 20 poplar poles were planted in the fenced area at HAFB 
OU2. Throughout the summer of 2013 the poles were watered once a week during 
sampling events. The poles had a success rate of approximately 50%. Figure 10 shows a 
failed poplar pole compared to a successful pole. During the spring of 2014, 30 more 
poles were planted. The poles were planted earlier in the season to try and achieve a 
higher success rate. It was observed that only about 50% of the previously planted trees 
survived the winter and regrew during Spring 2014, decreasing the total survival rate to 
about eight trees (26%). Once again trees were watered once a week during sampling 
events. Initially, the poles planted in Spring 2014 had a high success rate, but over the hot 
dry summer dwindled down to about 50%. At the end of the 2014 growing season there 
were about 15 living trees of the 60 total planted trees (25% success rate). 
 The low success rate for poplar poles was most likely due to the low amount of 
water the trees received. During watering events each pole was watered with 
approximately 5 to 10 gallons of water through a hose, pumped from the Weber canal 
below. There were approximately 30 trees on each side of the interceptor trench. The 
trees on the south side of the trench had a higher success rate than the trees on the north 
side of the trench. It is not understood why the north and south sides had varying success 
rates, but it could be due to a difference in depth to groundwater. In order to achieve a 
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higher success rate for a newly planted phytoremediation test plot, a drip irrigation 
system or sprinkler system should be used.  
 
 
Figure	10	An	unsuccessfully	planted	pole	(left)	and	a	successfully	planted	pole	(right)	at	HAFB	OU2	
located	over	the	seep	area	
 
Historical Groundwater Results 
 
 
Historical groundwater data obtained by HAFB during 1989 through 2013 from 
monitoring wells located at OU2 (Figure 11) was compiled. Additional groundwater data 
were compiled from samples collected during 2005 to 2008 (Rogers, 2006; Winters 
2008). Groundwater well U2-046 is located on the west side of the Weber canal, just 
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below the fenced seep area containing the planted poplar poles. Wells U2-020 and U2-
042 are located on the east side of the canal near the trees designated as “WS Pop” and 
“Willow”. The final well sampled, U2-080 is located on the north east side of the site, 
near an access road. Table B1 shows raw groundwater data collected from 1989 through 
2013. 
 
 
Figure	11	Ariel	view	of	HAFB	OU2	containing	groundwater-monitoring	wells	(blue)	as	well	as	the	seep	
area	
 
 Groundwater samples were collected sporadically between 1989 and 2013, with 
the majority of samples collected from 2006 through 2008. In order to run statistical 
analyses on the samples and to determine if mean concentrations of the groundwater 
samples varied statistically over the years, samples were sorted into groups depending on 
the years thy were collected. The ranges were chosen to ensure that enough samples were 
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included in each group to complete Tukey’s honest significance difference tests. 
Groups, as well as TCE mean concentrations and standard deviations are shown in Table 
2.  
 
Table	2	Average	HAFB	TCE	groundwater	concentrations	(1989	through	2013)	
Average TCE Groundwater Concentration (ug/L) 
Well ID 1989-1994 1995-2000 2001-2005 2006 2007 2008 2009-2013 
U2-020 1,048 ± 
459 
816 ± 405 NS 136 ± 18 275 ± 68 140 ± 49 NS 
U2-042 NS 480 ± 592 87±92 72 ± 50* 25 ± 30 56 ± 68 18 ± 15 
U2-046 NS 16,286 ± 
9,463 
8,952 ± 
4,691 
2,504 ± 
3,224 
5,525 ± 
4,108* 
2,885 ± 
171 
2,050 ± 
919 
U2-080 NS 235 ± 59 239 ± 46 114 ± 54 116 ± 46 234 ± 81 113 ± 37 
NS = Not Sampled  
* = Only two samples were taken for the specific year 
 
 
 
Groundwater well U2-046 had the highest TCE concentrations of all the wells 
sampled. Well U2-046 is located on the west side of the canal nearest the seep area and 
demonstration plot. TCE concentrations were as high as 32,000 µg/L in 1996 and as low 
as 725 µg/L in 2006. The data collected show a very significant decrease in TCE 
groundwater concentrations over time (Figure 12). The most recent data (2009 through 
2013) show the lowest average concentration over the years with a value of 2,050 ± 919 
µg/L. Tukey’s comparison shows data from 1995 through 2007 are all statistically the 
same, most likely due to the large range and standard deviation of the measured 
concentrations. Data from 2009 through 2013 are statistically different and lower than 
data collected from 2008, helping confirm the concentrations are decreasing over time.  
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Figure	12	TCE	groundwater	concentrations	(µg/L)	for	well	U2-046	over	time	
 
 
Groundwater Well U2-020 shows a downward trend in TCE concentrations over 
time (Figure 13), with maximum and minimum concentrations of 1,700 µg/L and 101 
µg/L respectively. These data show a slight increase in 2007. Although there is a slight 
increase in 2007, the overall trend is decreasing, with a mean value of 140 ± 49 µg/L in 
2008 (no samples have been collected after 2008). The Tukey’s honest significance 
difference test shows the mean concentrations are statistically the same from 1989 
through 2013 due to the very large range of concentrations and outliers.  
Groundwater samples from Well U2-042 have the lowest concentration of all 
wells sampled, and also show a decrease in time (Figure 14). TCE concentrations range 
from 2000 µg/L in 1999, to as low as 6 µg/L in 2009. The most recent data (2009 through 
2013) show an average groundwater concentration of 18 ± 15 ug/L. Similar to Well U2-
020, Tukey’s test showed all samples to be statistically the same over all years sampled, 
due to the large variations These variations could be due to a variety of reasons, one 
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reason possibly being that different samplers (HAFB, Winters, Rogers) collected data 
over the years. 
 
 
Figure	13	TCE	groundwater	concentrations	(µg/L)	for	well	U2-020	over	time	
 
 
 
Figure	14	TCE	groundwater	concentrations	(µg/L)	for	well	U2-042	over	time.	The	Y-axis	is	shown	is	a	
logarithmic	scale	due	to	the	large	variation	in	sample	values,	to	help	show	concentration	values	and	the	
decreasing	trend	more	clearly		
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Groundwater Well U2-080 is the farthest away from the sampled trees, but still 
shows TCE contamination. The overall trend appears to be decreasing (Figure 15) but it 
is not statistically significant. The most recent data show an average concentration of 113 
± 37 µg/L TCE. TCE groundwater concentrations at Well U2-080 reached as high as 302  
µg/L in 2002 and were as low as 75 µg/L in 2007.  
 
 
Figure	15	Groundwater	Well	U2-020	concentrations	(µg/L)	over	time	
 
 
The three wells U2-020, U2-042, and U2-080 are all located on the east side of 
the Weber canal, and all three groundwater wells have lower levels of TCE than Well 
U2-046 sampled on the west side of the canal. Groundwater concentrations for the three 
eastern wells are up to 100 times lower than Well U2-020, but still follow the same 
downward trend over time. 
A final groundwater well, U2-007, was also sampled. U2-007 was sampled five 
times between 1986 and 1997. The data for this well show groundwater concentrations to 
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range from 6,100 to 9,900 µg/L. The data from this well are consistent with the plume 
map from 2008. The site has an overall average TCE groundwater concentration of 2,868 
µg/L, based on the wells sampled over time.  
The data obtained from groundwater well sampling were used to determine the 
mass of TCE contained in the groundwater plume. Groundwater data were also used 
along with tree core concentrations to help determine a field measured transpiration 
stream concentration factor (TSCF). The TSCF was used to help predict maximum 
removal potential of trees.  
 
Tree Cores 
 
 
Historical tree core data at HAFB OU2 were available as far back as 1999 and the 
same trees were monitored and sampled from 2013 through 2014. Average values for 
each tree sampled can be seen in Table 3. Figure 16 shows a map of the location of the 
trees. Each tree sampled was categorized by year, and compared using Tukey’s test to 
determine if core concentrations changed over time.  
 If there was not a significant change in TCE concentration with height, the tree 
was assumed to be at steady state where the mass of TCE taken up is the same as the 
TCE leaving the tree. Trees that are at steady state are more likely to show measureable 
leaf volatilization compared to trees that have not yet reached steady state. 
 The “Old Poplar” tree was sampled 28 times between 2006 and 2014. Old Poplar 
is located on the west side of the canal, in the seep area. The tree was found to have a 
mean core concentration of 155 ± 67.1 µg/kg of TCE on a wet basis. Tukey’s test shows 
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that TCE concentrations from 2013 were lower and statistically different than 
concentrations measured in 2006 and 2008. 
The tree “Willow” is located on the east side of the Weber Canal and shows 
significantly lower core concentrations than the trees located on the west side of the 
canal. TCE concentrations in Willow show a significant decrease over time from 2005 to 
2014, with a mean value 36 ± 32 µg/kg of TCE on a wet basis. 
The tree “WS Poplar” is located on the east side of the canal, but located farther 
north, near groundwater Well U2-020. The TCE concentrations in WS Poplar show a 
significant decrease over time, dropping from 78.1 ± 33.5 µg/kg in 2005 to 7.8 ± 4.2 
µg/kg in 2014. The core concentrations in WS Poplar seem to follow the same downward 
trend as the groundwater concentrations in the nearby Well U2-020. Both the 
groundwater and core concentrations in the area are significantly lower in 2014 than the 
past. 
Trees “WS Russian Olive” and “WS Willow” are located directly next to WS 
Poplar. The trees also follow a downward trend in decrease in TCE concentration over 
time.  WS Russian Olive core concentrations have decreased from 84.8 ± 79.2 µg/kg in 
2005 to 3.2 ± 4.1 µg/kg 2013. WS Willow core concentrations show a decrease from 105 
± 71.5 µg/kg to 14.6 ± 6.8 µg/kg in 2014. These trees also follow the same trend as the 
nearby groundwater well U2-020. 
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Table	3	Average	tree	core	TCE	concentrations	(µg/kg	wet)	at	HAFB	OU2	
Average tree core TCE concentration (µg/kg wet) 
Tree ID 1999 2005 2006 2007 2008 2013 2014 
Old 
Poplar 
8,140 ± 
5,800 
          
NS* 
279 ± 19 264 ± 
142 
212 ± 19 102 ± 67 154 ± 67 
Willow 
339	±	
330 
659 ± 
336 
196 ± 90 
153 ± 
101 
223 ± 2 4 2± 28 36 ± 32 
WS 
Poplar 
          
NS* 
78 ± 33 67 ± 17 39 ± 17 233 ± 48 8 ± 9 7 ± 4 
WS 
R.O. 
              
NS* 
           
NS* 
84 ±79 40 ± 26 59 ± 10 3 ± 4 
          
NS* 
WS 
Willow NS* 
105 ± 71 
155 ± 
223 
72 ± 42 
175  
±0.35 
          
NS* 
14 ± 6 
Russian 
Olive 151	±	50 
           
NS* 
           
NS* 
            
NS* 
           
NS* 
44 ± 41 4.62** 
Maple 
NS* 
NS* NS* NS* NS* 
1.9 ± 
0.97 1.29** 
North 
Poplar  
NS* NS* NS* NS* NS* 
        
15.62** 
     80 ± 
18 
NS* = Not sampled  
**	Only	one	sample	was	taken	from	the	specified	tree	 
Data	from	1999	is	ug/kg	dry	weight	basis 
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Figure	16	Arial	view	of	trees	sampled	at	HAFB	for	core	concentrations.	The	white	area	located	on	the	
photo	is	the	seep	area	
 
 
TCE	in	Tree	Trunks	
 
 
In order to calculate the mass of TCE in the eight trees that were sampled at the 
site, eight polygons were generated. The following equations were used to calculate the 
mass of TCE inside both poplar and willow trees. It is assumed that because poplar and 
willow trees have similar attributes, the equation determined for poplar trees is also 
applicable to willows. First, the dry mass of the tree was calculated using the equation 
below:   
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Mdry =2.6D – 9.64             (4) 
 
where Mdry is the dry mass (kg), and D is the average diameter of trees within the 
polygon in centimeters (cm) (Felix et al., 2008). Once the dry mass was calculated, the 
fresh mass was estimated using: 
 MassFresh = Mdry/(1−%moisture)             (5) 
 
where MassFresh is the fresh mass of the tree (kg), % moisture is assumed to be 0.55 
(Klein, 2011). The percent moisture is based on work by Tharaken (2003) by using an 
average measurement of trees in poplar families. Finally, the amount of TCE in each 
polygon was calculated with: 
 
Mass = N ∗MassFresh ∗ 10!!ug/g* CTCE            (6) 
 
where Mass is the mass of TCE in each tree in the polygon (g), N is the number of trees 
located in each polygon, CtTCE is the measured TCE concentration for sampled cores 
(µg/kg). 
 Table 4 below shows the estimated mass of TCE contained in the trees in each 
polygon.  
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Table	4	Estimated	mass	of	TCE	removed	via	sorption	from	sampled	trees	at	HAFB	OU2	
Polygon 
ID 
# 
Trees 
Average Core 
Concentration  
(µg/kg wet) 
Average 
Height 
(m) 
Average 
Diameter 
(cm) 
Dry 
weight 
(kg) 
Fresh 
Weight 
(kg)  
TCE 
Sorbed 
(g) 
Old 
Poplar 4 194.8 4.4 9.0 13.8 30.7 
0.3 
Willow 4 177.5 7.3 15.1 29.6 65.8 0.9 
WS 
Poplar 2 49.8 8.6 30.8 70.6 157.0 
0.7 
WS R.O 6 NA 6.4 34.0 78.2 175.1 NA 
WS 
Willow 3 109.1 6.25 24.3 53.5 119.4 
0.1 
R.O 4 NA 6.3 30.6 70.1 155.9 NA 
Maple 4 NA 4.5 8.4 12.2 27.3 NA 
North 
Poplar  3 67.7 7.3 15.6 30.9 68.7 
0.07 
Total       2.01 
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Of the four tree types (Poplar, Willow, Russian Olive, Maple), it can be seen 
that Poplar and Willow trees account for 0.14 g of TCE.  The Russian Olive and Maple 
trees had lower core concentrations and it is assumed that amount of TCE in these trees is 
negligible compared to the Willow and Poplar. It is estimated that the 2.01 g of TCE is 
being removed through sorption from the existing trees at HAFB OU2. 
 
Surface Volatilization 
 
Thirty-one surface flux measurements were taken from 2013 through 2014. 
Waypoint locations were taken for all surface flux samples. Samples were taken at eight 
different locations at the site and each approximate location was given a name, simply A 
through H. Table 5 shows the average flux measured at each location. Figure 17 shows a 
map of the site, with the different sampling locations, as well as the boundary used to 
generate polygons 
 
Table	5	Average	surface	flux	and	group	location	for	samples	taken	between	2013	and	2014	
Average Surface Flux (µg/m2-hr) 2013 through 2014 
Location 
Name 
Waypoint # of samples Average Surface 
Flux (µg/m2-hr) 
A 41	08	12	N	111	58	10	W 9 2.46	±	3.98 
B 41	08	13	N	111	58	08	W 7 1.87	±	1.53 
C 41	08	12	N	111	58	09	W 3 16.98	±	15.20 
D 41	08	11	N	111	58	09	W 1 9.62	±	0 
E 41	08	14	N	111	58	07	W 3 0.02	±	0.02 
F 41	08	12	N	111	58	07	W	 3 0.11	±	0.13 
G 41	08	12N	111	58	5	W 3 0.17	±	0.01 
H 41	08	12N	111	58	06W 2 0.10	±	0.12 
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Figure	17	Locations	of	surface	flux	measurements.	Groundwater	wells	and	site	boundary	are	included	as	
a	reference	for	measurement	locations	
 
 
Surface flux groups A, B, C, and D have the highest measured surface flux, 
ranging from 1.87 ± 1.53 to 16.98 ± 15.20 (µg/m2-hr) and are located over the highest 
groundwater concentrations. The high standard deviations of the samples are probably 
due to sampling time. It is assumed that surface volatilization is highest in the hot 
summer months. Each group has an outlier, taken in either July or August, with the 
exception of Group D, where only one sample was taken in August.  
Surface flux data from as far back as 2005 were compared to recent 
measurements to see if there is a correlation between groundwater concentration and soil 
surface volatilization.  Surface flux Polygons E, B, and H were the groups compared 
based from approximate waypoint locations and descriptions of the historical data. 
Polygons E, B, and H correspond to groundwater Wells U2-020, U2-046, and U2-042, 
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respectively. The soil flux measurements show historically higher TCE concentrations 
and decrease over time similarly to groundwater concentrations. Table 6 shows the 
historical data. 
 
Table	6	Historical	surface	volatilization	(2005	&2008)	and	recent	surface	volatilization	(2013	&2014)	
Surface volatilization (µg/m2-hr) 
Polygon ID 2005 2008 2013 2014 
E 4.71 53.68 NA 0.01 
B NA 52.3 4.40 NA 
H NA 10.7 1.82 1.13 
 
 
Removal	by	Surface	Volatilization	
 
To scale the eight surface volatilization measurements to the entire site, eight 
polygons referenced to approximate sample location were generated. The mass of TCE 
removed within each polygon via surface volatilization was calculated by using Equation 
7: 
 M = SF ∗ !" !"!"# ∗ !"# !"#$ !"#!$% ∗ !"!!"!" ∗ A− A! ∗ N             (7) 
 
where M is the total mass volatilized from the soil surface (g), SF is the average surface 
flux for each polygon (µg/m2/hr), and A is the area of the polygon, At is the average cross 
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sectional area of trees located within the polygon, and N is the number of trees located 
in each polygon. A season of 240 days was assumed at HAFB. The season describes the 
amount of days the ground is not frozen. It is also assumed that during the winter months 
the ground is frozen, therefore there is no volatilization through the soil. Table 7 shows 
the removal rates from surface volatilization. 
 
Table	7	Estimated	TCE	removal	(g/yr)	via	surface	volatilization	(2014)	
Removal via surface volatilization  
Polygon	ID 
Polygon	
Area	(m2) 
Flux	
(µg/m2/hr) 
Average	
Tree	Cross	
Sectional	
Area	(m) #	Trees 
TCE	
Removal	
(g/yr) 
A 8,645 2.47 0.22 4 92.2 
B 1,875 1.87 0.01 4 15.2 
C 758 16.96 0.01 2 55.6 
D 1,658 9.68 0.32 1 68.9 
E 7,777 0.01 1.29 3 0.30 
F 931 0.11 0.17 1 0.40 
G 1,545 0.17 0.32 1 1.20 
H 1,599 0.10 NA 0 0.70 
Total	 24,788 	 	 	 234.64 
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In order to find the area of each polygon, the polygons were transferred onto a 
Google earth image. Using Google Earth, and the website www.earthpoint.us/shapes.aspx 
the areas were calculated, as well as a total area for the site.  Removal of TCE through 
soil volatilization accounted for 234 g/year.  
 
Trunk Volatilization 
 
Trunk flux measurements were collected from 2006 through 2014. Table 8 shows 
the average TCE flux concentrations for each year sampled. The measurements all have 
high standard deviations that are most likely due to location sampled and possibly the age 
of the tree. It is assumed that older trees have thicker bark layers, allowing for less 
volatilization from the trunk.  
 The Old Poplar had the highest trunk flux TCE concentrations of all the trees 
sampled with an average value of 12.32 ± 8.56 µg/m2-hr in 2014. The data from 2013 and 
2014 were shown to be statistically the same from Tukey’s test. The Willow, WS 
Willow, and WS Poplar all had statistically lower concentrations than Old Poplar, and are 
all located on the east side of the canal.  The Willow had an average TCE flux 
concentration of 12.32 ± 8.56 µg/m2-hr. 
 WS Poplar and WS Willow have comparable concentrations. WS Willow and 
WS Poplar have average trunk flux concentrations of 0.80 ± 0.62 and 0.22 ± 1.17 µg/m2-
hr, respectively. Since the trees are located so close to each other, they were compared to 
one another to determine if the flux concentrations coming from them were statistically 
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different. Tukey’s test showed that both WS Poplar and WS Willows flux 
concentrations were not statistically different. 
 
Table	8		Average	trunk	volatilization	concentration	(µg/m2-hr)	
Average trunk volatilization concentration (µg/m2-hr) 
Tree 
Total 
Samples 
2006 2007 2013 2014 
Old	Pop 11 NS* NS* 7.11 ± 2.58 12.32 ± 8.56 
OU2-24 4 NS* NS* NS* 9.43 ± 16.52 
OU2-34 4 NS* NS* NS* 4.23 ± 4.03 
Willow 22 0.04 ± 0.06 0.85 ± 1.49 NS* 0.64 ± 0.51 
WS	Pop 22 0.02 ± 0.01 0.05 ± 0.04 2.33 ± 1.17 0.22 ± 1.17 
WS	Wil 14 NS* 0.02 ± 0.03 NS* 0.80 ± 0.62 
NS* = Not Sampled 
2006 and 2007 data collected by Rogers and Winters  
 
 
Removal	by	Trunk	Volatilization	
 
Theissen Polygons were generated and used to determine the total removal of 
TCE via trunk volatilization. Six polygons were generated each containing a single tree. 
In order to calculate the mass of TCE removed via trunk volatilization, the following 
equation was used: 
 43 Mass Removed = TF ∗ !" !"!"# ∗ !"# !"#!"#$%&! !"#!$% ∗ !"!!!!" ∗ N ∗ SA      (8) 
 
where Mass Removed is the total mass removed for each polygon (g), TF is the average 
trunk flux measured in the field (µg/m2/hr), N is the number of trees in each polygon = 1, 
and SA is the representative surface area of each polygon scaled to the site as a whole 
(m2). The growing season was determined to last from April- September, therefore 180 
days was used for the calculation.  
 Trunk volatilization currently accounts for 7.4 g of TCE removed annually at 
HAFB. Table 9 shows the annual removal for each tree as well as total annual removal.  
 
Table	9	TCE	removal	via	trunk	volatilization	(2014)	
Polygon ID  
Trunk	volatilization	
(µg/m2/hr) Mass	Removed	(g) 
Old	Pop 10.90 4.70 
OU2-24 9.43 1.62 
OU2-34 4.20 0.63 
Willow 0.66 0.24 
WS	Pop 0.41 0.06 
WS	Wil 0.18 0.16 
Total 	 7.40 
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Leaf Volatilization 
 
Leaf volatilization samples were collected in the late summer and early fall of 
2014. Previous data collected from 2006 and 2007 were also used. Old Poplar, Willow, 
and WS Willow were the only three trees sampled for phytovolatilization results. Table 
E1 shows a complete summary of leaf volatilization sampling results. Table 10 shows 
average leaf volatilization (pg/cm2/min) and average transpiration stream concentration 
(µg/L) for each tree sampled. 
 
Table	10	Average	leaf	volatilization	concentrations	(pg/cm2/min)	and	average	transpiration	stream	
concentration	(µg/L)	
 
 
Removal	by	Leaf	Volatilization	
 
 
Once annual uptake was estimated, as well as evapotranspiration and transpiration 
were acquired from local data, three polygons were generated to estimate the entire TCE 
removal via leaf volatilization for the site. The total mass removed by leaf volatilization 
in each polygon was estimated by using the following equation: 
 Mass Removed = TSC ∗ Vt ∗ F ∗ 10!!( !!")             (9) 
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where Mass Removed is the total TCE removal via leaf volatilization (g), TSC is the 
average transpiration stream concentration (µg/L), Vt is the total evapotranspiration 
(L/stand/year), and F is the fraction of the site represented by each polygon. The polygon 
tool in Google Earth was used to trace the Theissen polygons and estimate the area. The 
masses for each polygon were summed to find the total removal of TCE via leaf 
volatilization to be 34.69 g TCE per year (Table 11).  
 
Table	11	Current	removal	due	to	leaf	volatilization	at	HAFB	OU2	
Polygon	ID Area	(m2) TSC	(µg/L) TCE	Removal	(g/yr) 
Old	Poplar 7,847 826 33.60 
WS	Willow 11,098 16.7 0.96 
Willow 5,167 4.9 0.13 
Total 24,112  34.69 
 
 
Current TCE Removal at HAFB OU2 
 
Once TCE removal for each pathway was calculated it was summed over the 
entire site to estimate total annual removal. Overall, the trees located at OU2 remove 278 
grams of TCE annually. The main pathway of removal is due to volatilization through the 
soil. The results are shown in tabular form in Table 12. 
 Assuming 278 g TCE are removed from the site annually, an approximate time 
frame for remediation, assuming the yearly removals are constant into the future, can be 
estimated by knowing the average mass of TCE in the groundwater plume. Polygons 
were generated for the groundwater wells, similarly to the flux measurements above. 
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Table	12	Estimate	of	annual	removal	at	HAFB	OU2	based	on	current	removal	rates	and	existing	trees	
Annual TCE removal at HAFB OU2  
Method TCE Removed (g) 
Tree Cores 2.0 
Trunk Volatilization 7.4 
Leaf Volatilization 34.7 
Soil Volatilization 234.6 
Total  278.7  
 
The mass of TCE contained in the groundwater plume was calculated using 
Equation 10: 
 Mass TCE = Conc !"! ∗ !"!"!!" ∗ Vol L ∗ F          (10) 
 
where Mass TCE is the average mass of TCE contained in the groundwater plume, Conc 
is the average concentration of TCE measured from the wells within a given polygon 
(µg/L), Vol is the assumed volume of the groundwater plume (L), and F is the fraction of 
the total area each polygon represents. The volume of the plume was estimated by finding 
the depth of the plume at each well. The depth at the sampled well was then assumed to 
be constant for the entire groundwater well polygon in order to calculate the volume for 
each polygon. The total mass of TCE contained in the groundwater plume at HAFB OU2 
was estimated to be 916 kg. Table 13 shows the average groundwater concentrations for 
each groundwater polygon, as well as the estimated mass in each polygon.  
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Groundwater depths for wells U2-020 and U2-046 were not measured over the 
years, but were estimated by using depths from wells located in the same polygon. It is 
assumed that the entire polygon has a uniform depth, therefore wells that were not 
sampled for this study, but had been sampled for previous studies by HAFB were used to 
estimate plume depth.  
 
Table	13	Estimate	of	TCE	contained	in	the	groundwater	plume	at	HAFB	OU2	
Well Plume	Depth	(m) Conc	µg/L Mass	(kg) 
U2-020* 10 170 1 
U2-042 46 155 25 
U2-046* 33 2897 820 
U2-080 32 258 69 
Total	   916 
* = Well depth acquired from separate well in polygon 
 
 
Given the large amount of TCE contained in the plume (916 kg) and the small 
annual removal rate of TCE (0.278 kg) the timeframe to remediate the site based on eight 
existing trees is approximately 1,000 years. Therefore, based on limited number of viable 
trees currently growing on the site, phytoremediation is not a viable cleanup option.  
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Estimate of Future Removal 
 
A prediction of future TCE removal at HAFB OU2 was made based on the 
phytoremediation demonstration plot that was planted in the seep location during the 
course of the study. Estimates were made based on the transpiration stream concentration 
factor (TSCF), which is a ratio of the measured TSC and the groundwater concentration. 
TSCF given a specific age of the tree, growth rates measured in the field from HAFB 
OU2, UR, and Travis AFB, and yearly transpiration rates measured between 2005 and 
2013 were used to extrapolate to a phytoremediation test plot containing 40 trees over the 
contaminated groundwater plume, and again for a large scaled phytoremediation plot 
containing 160 trees.  
Data collected at HAFB OU2 from 1999, 2005, 2006, 2007, 2008, 2013 and 2014 
were used. Data collected from Travis AFB in 2009 and from HAFB OU10 (Universal 
Rent-All) from 2010, 2011, 2013, and 2014 was also used. Table 14 shows the average 
TSC calculated for the sampled trees, the groundwater concentration corresponding to the 
year the tree was sampled, and the TSCF.  Tree ages are approximated based on historical 
sampling. 
By looking at the ratio of TSCF, it can be assumed that trees reach their maximum 
TSCF of about 0.26 in the age range of 15 to 20 years.  Data from 2012 (Chard, 
Doucette) showed that there was no removal of leaf volatilization for newly planted 
poplar poles (approximately 1-year-old). However, data from the study did show removal 
through trunk volatilization for young trees. It is assumed that there is no removal from 
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leaf volatilization until TCE uptake exceeds the losses due to sorption, metabolism and 
trunk volatilization  
 
Table	14	Field	measured	TSCF,	average	groundwater	concentration,	and	TSCF	of	sampled	trees	(1999	
through	2014)	
Approx.	
Tree	Age 
Location 
Sampler 
Average	
TSC	(µg/L) 
Average	GW	
Concentration	
(µg/L) TSCF	 
1-4 
HAFB	OU10	
Universal	
Rent-All 
Chard,	
Doucette NA - - 
5-10 
Travis	AFB,	
CA Klein 49.19 1605 0.03 
10-15 HAFB,	UT Rogers 16 170.80 0.09 
10-15 HAFB,	UT Winters 17.55 95 0.18 
10-15 HAFB,	UT Diamond 826 3578.75 0.23 
15-20 HAFB,	UT Doucette 2200 8595.9 0.26 
>25 HAFB,	UT Diamond 4.7 18.00 0.26 
 
 
 The following general field observations were made from previous related field 
studies (Travis AFB 2004-2009, HAFB 1999-2008): young trees show decreasing core 
concentrations with height but reach steady state once the trees have fully matured; 
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young trees show volatilization from trunk before leaves; it could take 6 to 8 years for 
leaf volatilization to be measured; once trees reach steady state, the TSC remains constant 
over 10 to 20 years; removals are proportional to groundwater concentration 
 Using these field observations and knowledge of the TSCF, the future removal of 
the phytoremediation test plot located over the seep at HAFB OU2 was made based on 
these assumptions: trees take 15 years to mature and reach steady state, for mature trees 
TCE uptake is equal to TCE losses due to volatilization, growth dilution, and metabolism, 
removal rates are constant for each tree in a specific age range, growth rates and tree size 
are equal for each tree in a specific age range, future transpiration rates are assumed to be 
constant based on average rates measured from 2005 to 2013, trees between 1 and 6 years 
old don’t volatilize TCE through leaves, and volatilization through the trunk decreases 
with bark thickness and age.  
 The prediction was made using the polygon method and Equation 4 through 
Equation 9 mentioned above. Removal rates were based on the average trunk flux, leaf 
flux, and tree core samples taken on specific trees in certain age ranges. Appendices B 
through E show the new polygons (as well as the polygons used to make current removal 
predictions) that were generated to estimate removal via surface and trunk volatilization. 
Since only one mature tree (Old Poplar) was sampled for leaf volatilization and tree core 
concentrations, it is assumed that Old Poplar is representative of the entire area.  Table 15 
shows the predicted removal rates for a phytoremediation test plot containing 40 trees 
located over the seep area at HAFB OU2 over time.  
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Table	15	Predicted	TCE	removal	rates	for	a	phytoremediation	test	plot	containing	40	poplar	trees	
over	time	at	HAFB	OU2,	located	over	the	seep	area		
Age range of trees Ratio (TSCF) TCE Removal (kg/yr) 
1-5 0.03 0.61 
5-15 0.18 1.29 
15-25 0.26 4.82 
25 and older 0.26 4.47 
 
 
The predicted test plot containing 40 poplar trees remove a significant amount 
more than the existing trees at HAFB OU2. The current trees at HAFB OU2 were only 
removing 0.278 kg of TCE per year. A successfully planted test plot containing 40 poplar 
trees could remove up to 4.82 kg of TCE per year once the trees are mature and reach 
steady state.  After 25 years, the TCE removal decreases from 4.82 to 4.47. The 
decreasing yearly removals results from the assumption that even though the TSCF is 
constant, the yearly removals will slowly decrease in proportion to the decreasing 
groundwater concentrations. With the removal rates predicted above, and the estimated 
mass of TCE contained in the plume (916 kg) it would take approximately 200 years to 
remediate HAFB OU2 with a test plot of 40 poplar trees.  
 The test plot of 40 poplar trees took up only a small portion of the hillside at 
HAFB OU2, and was located over the area with the highest concentration. By looking at 
the groundwater concentration plume map (Figure 8) and an aerial view of OU2 (Figure 
2), it was estimated that a test plot containing 160 poplar trees would fit and fill the 
hillside above the entire contamination plume. Using the same method to predict removal 
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rates by a test plot containing 40 trees, a prediction of a test plot containing 160 trees 
was made. Table 16 shows the predicted removal rates of the hypothetical large-scale 
phytoremediation test plot at HAFB OU2. 
 
Table	16	Predicted	TCE	removal	rates	for	a	phytoremediation	demonstration	plot	containing	160	trees	
covering	the	entire	hillside	at	HAFB	OU2	
Age range of trees Ratio (TSCF) TCE Removal (kg/yr) 
1-5 0.03 2.74 
5-15 0.18 10.56 
15-25 0.26 19.28 
25 and older 0.26 17.8 
 
 
A test plot containing 160 poplar trees located on the entire hillside at HAFB 
OU2, could potentially remove up to 19 kg of TCE annual once the trees become mature 
and reach steady state. With the removal rates predicted in Table 16, it would take 
approximately 59 years to remediate the site using phytoremediation.  
 
Engineering Significance  
 
Volatilization of TCE was monitored through tree trunk, leaf, and soil surfaces. 
Tree core samples were also monitored to observe the quantity of chemicals contained in 
plant tissue, and to calculate the mass sorbed to plant tissue. By collecting data for the 
contamination zone surrounding HAFB, TCE uptake was estimated. The data collected 
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during the timeframe of the study were used alongside historical data to help predict 
current and future TCE removal by trees over time. 
 The few existing trees at OU2 are able to remove 0.278 kg of TCE annually, 
however a phytoremediation test plot with 40 fully grown trees could potentially remove 
up to 4.47 kg of TCE a year and a large scale demonstration plot containing 160 poplar 
trees could potentially remove up to 19.28 kg/year once the trees become mature. With a 
TCE mass of 916 kg contained in the groundwater plume, it would take approximately 60 
years to fully remediate HAFB with a phytoremediation test plot containing 160 trees.  
 Phytoremediation is a low maintenance and cheap remediation technique. 
Approximately 50 poplar poles were planted over the seep area at HAFB and cost $2,000 
to install. Due to slope stability issues, an irrigation system was not installed and the 
demonstration plot did not succeed as predicted. However, if a drip irrigation system was 
installed using a solar pump from the weber canal (estimated $5,000 dollar installation) 
the test plot could have succeeded. A test plot containing 40-50 trees and an irrigation 
system could potentially cost  $7,000 dollars to install and maintain during the initial 
stages, and remove up to almost 5 kg of TCE annually. Compared to the interceptor 
trench installed in 2000, which removed 2 kg of TCE in 2006 through 2007, and cost 
$450,000 to install and $20,000 annual operation and maintenance costs, 
phytoremediation coupled with other low cost and low maintenance methods could be a 
viable cleanup method. Other low cost and low maintenance methods to be considered 
for removal with phytoremediation include but are not limited to bioremediation or 
source reduction using permeable barriers. 
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 Phytoremediation is a potentially cost effective way to clean up contamination 
zones with shallow water tables contaminated with volatile chlorinated solvents. Test 
plots are relatively cheap to install compared to other remediation methods and once trees 
have tapped into the groundwater, very little maintenance is required. Large scale 
phytoremediation test plots have shown to remove large quantities of contaminated water 
through leaf volatilization, and also increase removal via surface volatilization. 
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Appendix A: Groundwater Data 
		
Table	A	1	Raw	groundwater	data	(1989-2013)	
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-020 4/26/89 1600.0 HAFB 
U2-020 6/14/89 880.0 HAFB 
U2-020 5/26/93 350.0 HAFB 
U2-020 8/20/93 720.0 HAFB 
U2-020 11/30/93 1500.0 HAFB 
U2-020 2/23/94 1700.0 HAFB 
U2-020 5/24/94 830.0 HAFB 
U2-020 8/9/94 760.0 HAFB 
U2-020 11/15/94 1100.0 HAFB 
U2-020 2/8/95 600.0 HAFB 
U2-020 8/30/95 910.0 HAFB 
U2-020 2/21/96 1400.0 HAFB 
U2-020 3/27/97 820.0 HAFB 
U2-020 9/23/97 160.0 HAFB 
U2-020 3/24/98 600.0 HAFB 
U2-020 9/23/98 710.9 HAFB 
U2-020 3/24/99 1332.1 HAFB 
U2-020 7/26/06 146.5 Winters 
U2-020 7/26/06 116.6 Winters 
U2-020 7/26/06 150.4 Winters 
U2-020 8/18/06 129.7 Winters 
U2-020 8/18/06 101.0 Winters 
U2-020 8/18/06 134.8 Winters 
U2-020 9/30/06 154.4 Winters 
U2-020 9/30/06 141.6 Winters 
U2-020 9/30/06 156.6 Winters 
U2-020 5/18/07 258.8 Winters 
U2-020 5/18/07 257.2 Winters 
U2-020 5/18/07 234.1 Winters 
U2-020 6/27/07 388.2 Winters 
U2-020 6/27/07 384.8 Winters 
U2-020 6/27/07 389.6 Winters 
U2-020 9/21/07 234.4 Winters 
U2-020 9/21/07 237.5 Winters 
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Table	A	1	Continued		
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-020 9/21/07 237.2 Winters 
U2-020 11/5/07 230.4 Winters 
U2-020 11/5/07 226.3 Winters 
U2-020 11/5/07 223.8 Winters 
U2-020 8/18/08 227.9 Winters 
U2-020 8/18/08 144.6 Winters 
U2-020 8/18/08 140.3 Winters 
U2-042 8/30/95 62.0 HAFB 
U2-042 2/20/96 19.0 HAFB 
U2-042 9/24/96 160.0 HAFB 
U2-042 3/26/97 6.2 HAFB 
U2-042 9/23/97 360.0 HAFB 
U2-042 3/24/98 67.0 HAFB 
U2-042 6/15/98 637.4 HAFB 
U2-042 9/22/98 888.2 HAFB 
U2-042 12/9/98 256.0 HAFB 
U2-042 3/23/99 388.2 HAFB 
U2-042 6/11/99 2000.0 HAFB 
U2-042 11/22/99 250.0 HAFB 
U2-042 7/18/00 1460.0 HAFB 
U2-042 11/16/00 178.0 HAFB 
U2-042 4/30/01 55.1 HAFB 
U2-042 12/10/01 114.0 HAFB 
U2-042 6/24/02 50.4 HAFB 
U2-042 10/1/02 70.6 HAFB 
U2-042 6/5/03 17.0 HAFB 
U2-042 10/15/03 138.0 HAFB 
U2-042 4/27/04 17.5 HAFB 
U2-042 10/13/04 58.2 HAFB 
U2-042 5/4/05 28.1 HAFB 
U2-042 10/24/05 327.0 HAFB 
U2-042 5/19/06 108.0 HAFB 
U2-042 10/9/06 36.8 HAFB 
U2-042 4/30/07 8.0 HAFB 
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Table	A	1	Continued		
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-042 5/18/07 5.9 Winters 
U2-042 5/18/07 5.7 Winters 
U2-042 6/26/07 81.9 Winters 
U2-042 6/26/07 78.1 Winters 
U2-042 6/26/07 80.1 Winters 
U2-042 9/21/07 12.6 Winters 
U2-042 9/21/07 11.8 Winters 
U2-042 9/21/07 12.2 Winters 
U2-042 11/5/07 11.2 Winters 
U2-042 11/5/07 11.6 Winters 
U2-042 11/5/07 10.7 Winters 
U2-042 4/22/08 10.2 HAFB 
U2-042 4/22/08 10.2 HAFB 
U2-042 4/22/08 14.6 HAFB 
U2-042 4/22/08 14.8 HAFB 
U2-042 4/22/08 15.1 HAFB 
U2-042 4/22/08 15.1 HAFB 
U2-042 6/5/08 12.7 HAFB 
U2-042 8/18/08 151.1 Winters 
U2-042 8/18/08 160.3 Winters 
U2-042 8/18/08 156.0 Winters 
U2-042 5/29/09 6.6 HAFB 
U2-042 5/6/11 15.0 HAFB 
U2-042 5/15/12 9.8 HAFB 
U2-042 5/14/13 41.0 HAFB 
U2-046 9/29/95 28000.0 HAFB 
U2-046 2/21/96 32000.0 HAFB 
U2-046 9/25/96 19000.0 HAFB 
U2-046 3/27/97 14000.0 HAFB 
U2-046 9/23/97 21000.0 HAFB 
U2-046 3/25/98 5300.0 HAFB 
U2-046 9/24/98 0.0 HAFB 
U2-046 12/9/98 3366.5 HAFB 
U2-046 3/22/99 15600.7 HAFB 
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Table	A	1	Continued		
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-046 6/16/99 6500.0 HAFB 
U2-046 7/18/00 18100.0 HAFB 
U2-046 4/30/01 14000.0 HAFB 
U2-046 12/13/01 16500.0 HAFB 
U2-046 6/27/02 14100.0 HAFB 
U2-046 10/3/02 11900.0 HAFB 
U2-046 6/18/03 6900.0 HAFB 
U2-046 10/15/03 5930.0 HAFB 
U2-046 4/27/04 6730.0 HAFB 
U2-046 10/15/04 4410.0 HAFB 
U2-046 5/25/05 3450.0 HAFB 
U2-046 10/18/05 5600.0 HAFB 
U2-046 5/18/06 4950.0 HAFB 
U2-046 7/26/06 725.0 Winters 
U2-046 7/26/06 741.6 Winters 
U2-046 7/26/06 969.2 Winters 
U2-046 8/18/06 951.3 Winters 
U2-046 8/18/06 1010.2 Winters 
U2-046 8/18/06 1020.7 Winters 
U2-046 10/18/06 9670.0 HAFB 
U2-046 4/26/07 8430.0 HAFB 
U2-046 10/4/07 2620.0 HAFB 
U2-046 4/22/08 2840.0 HAFB 
U2-046 4/22/08 2880.0 HAFB 
U2-046 4/22/08 2840.0 HAFB 
U2-046 4/22/08 2880.0 HAFB 
U2-046 4/22/08 2940.0 HAFB 
U2-046 6/9/08 3200.0 HAFB 
U2-046 5/29/09 2700.0 HAFB 
U2-046 6/24/13 1400.0 HAFB 
U2-080 2/5/98 141.0 HAFB 
U2-080 9/22/98 219.3 HAFB 
U2-080 3/23/99 253.0 HAFB 
U2-080 6/10/99 270.0 HAFB 
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Table	A	1	Continued	
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-080 7/17/00 293.0 HAFB 
U2-080 4/26/01 306.0 HAFB 
U2-080 12/6/01 263.0 HAFB 
U2-080 4/2/02 282.0 HAFB 
U2-080 6/26/02 286.0 HAFB 
U2-080 8/6/02 305.0 HAFB 
U2-080 10/1/02 248.0 HAFB 
U2-080 2/17/03 250.0 HAFB 
U2-080 6/4/03 262.0 HAFB 
U2-080 8/6/03 273.0 HAFB 
U2-080 10/15/03 262.0 HAFB 
U2-080 4/22/04 273.0 HAFB 
U2-080 10/13/04 270.0 HAFB 
U2-080 5/4/05 230.0 HAFB 
U2-080 7/12/05 214.0 HAFB 
U2-080 9/22/05 175.0 Rogers 
U2-080 9/22/05 172.0 Rogers 
U2-080 9/22/05 169.0 Rogers 
U2-080 9/22/05 165.0 Rogers 
U2-080 9/22/05 173.0 Rogers 
U2-080 10/24/05 211.0 HAFB 
U2-080 11/8/05 236.0 HAFB 
U2-080 5/19/06 206.0 HAFB 
U2-080 7/27/06 75.4 Winters 
U2-080 7/27/06 85.8 Winters 
U2-080 7/27/06 78.6 Winters 
U2-080 8/18/06 91.3 Winters 
U2-080 8/18/06 90.6 Winters 
U2-080 8/18/06 92.9 Winters 
U2-080 9/30/06 96.4 Winters 
U2-080 9/30/06 103.1 Winters 
U2-080 9/30/06 97.2 Winters 
U2-080 10/13/06 240.0 HAFB 
U2-080 5/7/07 178.0 HAFB 
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Table	A	1	Continued	
Groundwater Well Date Collected TCE (µg/L) Sampler  
U2-080 5/18/07 95.0 Winters 
U2-080 5/18/07 95.0 Winters 
U2-080 5/18/07 94.0 Winters 
U2-080 6/27/07 170.0 Winters 
U2-080 6/27/07 188.8 Winters 
U2-080 6/27/07 182.4 Winters 
U2-080 9/21/07 74.7 Winters 
U2-080 9/21/07 75.2 Winters 
U2-080 9/21/07 76.1 Winters 
U2-080 10/16/07 155.0 HAFB 
U2-080 11/5/07 75.5 Winters 
U2-080 11/5/07 82.1 Winters 
U2-080 11/5/07 85.0 Winters 
U2-080 6/11/08 162.0 HAFB 
U2-080 8/18/08 308.8 Winters 
U2-080 8/18/08 165.1 Winters 
U2-080 8/18/08 301.9 Winters 
U2-080 6/3/09 152.0 HAFB 
U2-080 5/6/11 110.0 HAFB 
U2-080 6/25/13 77.0 HAFB 
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Figure	A	1	Historical	groundwater	results	for	GW	wells	U2-020,	U2-042,	U2-080,	and	U2-046.				
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Figure	A	2	Groundwater	well	polygons	used	to	estimate	mass	of	TCE	contained	in	the	contamination	
plume	
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Appendix B: Tree Core  
	
	
Table		B	1	Raw	tree	core	sampling	data	
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
Maple 6/27/13 Diamond 50 1.73 
Maple 9/17/13 Diamond 137 2.48 
Maple 10/10/13 Diamond 75 2.51 
Maple 7/31/14 Diamond 37 0.92 
Maple 7/31/14 Diamond 37 1.29 
North Poplar 11/20/13 Diamond 73 15.62 
North Poplar 5/30/14 Diamond 73 NA* 
North Poplar 7/31/14 Diamond 162 71.87 
North Poplar 7/31/14 Diamond 152 59.15 
North Poplar 7/23/14 Diamond 74 101.74 
North Poplar 7/23/14 Diamond 75 90.18 
North R.O. 11/20/13 Diamond 73 13.95 
North R.O. 5/30/14 Diamond 73 NA* 
Old Poplar 6/27/13 Diamond 80 0.07 
Old Poplar 7/11/13 Diamond 162 121.49 
Old Poplar 7/11/13 Diamond 147 147.79 
Old Poplar 9/17/13 Diamond 147 162.69 
Old Poplar 10/10/13 Diamond 152 NA* 
Old Poplar 10/10/13 Diamond 155 NA* 
Old Poplar 10/18/13 Diamond 97 147.77 
Old Poplar 10/31/13 Diamond 60 NA* 
Old Poplar 11/20/13 Diamond 55 37.92 
Old Poplar 5/30/14 Diamond 31 NA* 
Old Poplar 7/31/14 Diamond 31 102.15 
Old Poplar 7/31/14 Diamond 95 130.11 
Old Poplar 7/23/14 Diamond 104 241.41 
Old Poplar 7/23/14 Diamond 150 239.61 
Old Poplar 10/8/14 Diamond 150 115.09 
Old Poplar 10/8/14 Diamond 152 101.37 
Old Poplar 7/26/06 Winters 69 281.59 
Old Poplar 7/26/06 Winters 69 253.30 
Old Poplar 8/18/06 Winters 17 299.51 
Old Poplar 8/18/06 Winters 17 283.02 
Old Poplar 5/14/07 Winters 60 400.90 
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Table	B	1	Continued		
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
Old Poplar 6/27/07 Winters 73 423.20 
Old Poplar 6/27/07 Winters 73 88.70 
Old Poplar 9/21/07 Winters 20 324.90 
Old Poplar 9/21/07 Winters 20 234.70 
Old Poplar 11/5/07 Winters 60 113.90 
Old Poplar 8/27/2008 Winters 30 226.60 
Old Poplar 8/27/2008 Winters 30 198.90 
OU2-10 6/27/13 Diamond NA 0.71 
OU2-10 5/30/14 Diamond NA 1.72 
Ou2-24 10/8/14 Diamond 146 0.22 
OU2-24 10/8/14 Diamond 152 0.28 
R.O. Bottom 10/18/13 Diamond 113 93.93 
R.O. Bottom 10/31/13 Diamond 55 NA* 
R.O. Bottom 10/18/13 Diamond 143 27.80 
R.O. Middle 10/18/13 Diamond 49 NA* 
R.O. Middle 10/18/13 Diamond 85 58.33 
R.O. Middle 10/31/13 Diamond 70 NA* 
R.O. Middle 11/20/13 Diamond 55 19.37 
R.O. Top 10/18/13 Diamond 82 69.65 
R.O. Top 10/31/13 Diamond 67 NA* 
R.O. Top 11/20/13 Diamond 98 13.03 
Russian Olive 9/17/13 Diamond 112 44.60 
Russian Olive 10/10/13 Diamond 110 58.99 
Russian Olive 10/10/13 Diamond 110 17.84 
Russian Olive 10/18/13 Diamond 122 2.60 
Russian Olive 10/31/13 Diamond 131 118.11 
Russian Olive 11/20/13 Diamond 125 1.51 
Russian Olive 5/30/14 Diamond 102 4.62 
UR12 6/27/13 Diamond 66 0.01 
UR12 10/10/13 Diamond 98 1.19 
UR12 10/31/13 Diamond 122 0.11 
UR12 5/30/14 Diamond 140 0.12 
UR12 5/30/14 Diamond 120 0.03 
UR17 6/27/13 Diamond 91 0.01 
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Table	B	1	Continued	
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
UR17 10/10/13 Diamond 107 0.84 
UR17 10/31/13 Diamond 123 0.11 
UR19 6/27/13 Diamond 84 0.02 
UR19 10/10/13 Diamond 113 1.14 
UR19 10/31/13 Diamond 113 <MDL 
UR19 11/20/13 Diamond 122 0.02 
UR19 5/30/14 Diamond 122 0.06 
UR19 7/23/14 Diamond 90 0.14 
UR19 6/27/13 Diamond 113 <MDL 
UR2 6/27/13 Diamond 46 0.21 
UR2 10/10/13 Diamond 110 1.24 
UR2 10/31/13 Diamond 122 1.32 
UR3 10/31/13 Diamond 73 0.11 
UR4 10/31/13 Diamond 122 0.094 
UR4 10/31/13 Diamond 122 <MDL 
UR4 11/20/13 Diamond 105 0.01 
UR6 6/27/13 Diamond 53 0.04 
UR6 10/10/13 Diamond 91 0.89 
UR6 10/31/13 Diamond 101 0.11 
UR6 7/23/14 Diamond 110 0.11 
UR6 7/23/14 Diamond 110 0.07 
UR9 6/27/13 Diamond 100 0.02 
UR9 10/10/13 Diamond 110 1.31 
UR9 10/10/13 Diamond 105 1.04 
UR9 10/31/13 Diamond 43 0.11 
UR9 11/20/13 Diamond 50 0.02 
Planted Pop 10/8/14 Diamond 122 0.05 
Planted Pop 10/8/14 Diamond 91 2.17 
Willow 6/27/13 Diamond 74 7.17 
Willow 9/17/13 Diamond 113 37.57 
Willow 10/10/13 Diamond 125 75.54 
Willow 10/10/13 Diamond 125 51.11 
Willow 10/31/13 Diamond 128 NA* 
Willow 5/30/14 Diamond 130 109.45 
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Table	B	1	Continued	
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
Willow 5/30/14 Diamond 130 35.31 
Willow 7/31/14 Diamond 128 12.75 
Willow 7/31/14 Diamond 128 20.48 
Willow 10/8/14 Diamond 121 42.76 
Willow 10/8/14 Diamond 121 42.96 
Willow 10/9/14 Diamond 165 13.22 
Willow 10/9/14 Diamond 165 14.74 
Willow 9/8/05 Rogers NA 1046.81 
Willow 9/8/05 Rogers NA 481.81 
Willow 9/8/05 Rogers NA 448.63 
Willow 7/21/06 Winters 100 62.63 
Willow 7/21/06 Winters 100 82.29 
Willow 7/27/06 Winters 94 375.98 
Willow 8/18/06 Winters 122 189.31 
Willow 8/18/06 Winters 122 229.19 
Willow 9/30/06 Winters 115 93.00 
Willow 9/30/06 Winters 115 94.00 
Willow 9/30/06 Winters 102 110.46 
Willow 10/20/06 Winters 150 187.34 
Willow 9/18/06 Winters 310 242.94 
Willow 9/18/06 Winters 310 306.80 
Willow 9/18/06 Winters 170 234.90 
Willow 9/18/06 Winters 170 192.60 
Willow 9/18/06 Winters 70 222.70 
Willow 9/18/06 Winters 70 213.00 
Willow 9/18/06 Winters 94 167.40 
Willow 7/27/06 Winters 130 341.21 
Willow 5/14/2 007 Winters 140 140.50 
Willow 5/14/2 007 Winters 140 130.70 
Willow 6/26/2 007 Winters NA 278.50 
Willow 6/26/2 007 Winters NA 335.60 
Willow 9/21/2 007 Winters 142 130.50 
Willow 9/21/2 007 Winters 142 90.20 
Willow 11/5/2 007 Winters 47 54.90 
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Table	B	1	Continued		
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
Willow 11/5/2 007 Winters 47 65.50 
Willow 8/27/200 8 Winters 90 221.30 
Willow 8/27/200 8 Winters 90 224.80 
WS Poplar 5/14/07 Winters 126 20.40 
WS Poplar 5/14/07 Winters 113 8.20 
WS Poplar 6/26/07 Winters 143 54.50 
WS Poplar 6/26/07 Winters 143 44.90 
WS Poplar 9/21/07 Winters 66 35.90 
WS Poplar 9/21/07 Winters 66 58.50 
WS Poplar 11/5/07 Winters 70 53.20 
WS Poplar 11/5/07 Winters 70 43.90 
WS Poplar 8/27/2008 Winters 30 267.70 
WS Poplar 8/27/2008 Winters 30 199.40 
WS Poplar 6/27/13 Diamond 115 3.86 
WS Poplar 6/27/13 Diamond 150 4.06 
WS Poplar 9/17/13 Diamond 143 4.95 
WS Poplar 10/10/13 Diamond 143 5.91 
WS Poplar 10/10/13 Diamond 168 8.59 
WS Poplar 10/31/13 Diamond 152 29.14 
WS Poplar 11/20/13 Diamond 162 0.71 
WS Poplar 5/30/14 Diamond 145 9.61 
WS Poplar 7/31/14 Diamond 137 12.62 
WS Poplar 7/31/14 Diamond 137 8.46 
WS Poplar 7/23/14 Diamond 137 13.81 
WS Poplar 7/23/14 Diamond 107 12.81 
WS Poplar 10/8/14 Diamond 88 4.33 
WS Poplar 10/8/14 Diamond 107 5.23 
WS Poplar 10/8/14 Diamond 88 3.23 
WS Poplar 10/9/14 Diamond 88 3.63 
WS Poplar 10/9/14 Diamond 152 4.11 
WS Poplar 8/22/05 Rogers NA 149.12 
WS Poplar 8/22/05 Rogers NA 87.23 
WS Poplar 9/8/05 Rogers NA 73.41 
WS Poplar 9/8/05 Rogers NA 55.75 
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Table	B	1	Continued		
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
WS Poplar 9/8/05 Rogers NA 69.06 
WS Poplar 9/8/05 Rogers NA 52.98 
WS Poplar 9/8/05 Rogers NA 58.98 
WS Poplar 7/26/06 Winters 122 106.28 
WS Poplar 7/26/06 Winters 122 64.85 
WS Poplar 8/18/06 Winters 122 51.32 
WS Poplar 8/18/06 Winters 122 65.17 
WS Poplar 9/30/06 Winters 254 48.06 
WS Poplar 9/30/06 Winters 254 64.79 
WS Poplar 10/20/06 Winters 163 49.96 
WS Poplar 9/18/06 Winters 337 66.60 
WS Poplar 9/18/06 Winters 337 93.80 
WS Poplar 9/18/06 Winters 160 73.30 
WS Poplar 9/18/06 Winters 160 78.90 
WS Poplar 9/18/06 Winters 40 55.50 
WS Poplar 9/18/06 Winters 40 57.60 
WS R.O. 7/27/06 Winters 115 49.72 
WS R.O. 7/27/06 Winters 115 49.03 
WS R.O. 8/18/06 Winters 130 39.71 
WS R.O. 8/18/06 Winters 130 36.60 
WS R.O. 9/30/06 Winters 122 92.45 
WS R.O. 9/30/06 Winters 122 241.02 
WS R.O. 5/14/2 007 Winters 90 34.80 
WS R.O. 5/14/2 007 Winters 90 30.80 
WS R.O. 6/26/2 007 Winters 130 22.10 
WS R.O. 6/26/2 007 Winters 130 28.00 
WS R.O. 9/21/2 007 Winters 41 33.00 
WS R.O. 9/21/2 007 Winters 41 43.10 
WS R.O. 11/5/2 007 Winters 70 24.70 
WS R.O. 11/5/2 007 Winters 70 104.30 
WS R.O. 8/27/200 8 Winters 60 52.40 
WS R.O. 8/27/200 8 Winters 60 67.30 
WS R.O. 10/31/13 Diamond 134 6.07 
WS R.O. 11/20/13 Diamond 134 0.24 
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Table	B	1	Continued		
Tree ID  Sample Date Sampler Sample Height (cm) 
TCE  
(µg /kg wet) 
WS Willow 10/9/14 Diamond 110 11.92 
WS Willow 10/9/14 Diamond 110 9.46 
WS Willow 10/9/14 Diamond 110 22.29 
WS Willow 9/10/05 Rogers NA 64.09 
WS Willow 9/10/05 Rogers NA 70.52 
WS Willow 9/10/05 Rogers NA 103.01 
WS Willow 9/10/05 Rogers NA 86.01 
WS Willow 9/10/05 Rogers NA 60.80 
WS Willow 9/10/05 Rogers NA 247.80 
WS Willow 7/21/06 Winters 100 456.64 
WS Willow 7/21/06 Winters 100 678.57 
WS Willow 7/26/06 Winters 125 67.42 
WS Willow 7/26/06 Winters 125 75.94 
WS Willow 9/30/06 Winters 280 47.67 
WS Willow 9/30/06 Winters 280 58.68 
WS Willow 9/30/06 Winters 138 40.51 
WS Willow 9/30/06 Winters 138 33.44 
WS Willow 9/30/06 Winters 25 52.09 
WS Willow 9/30/06 Winters 25 48.07 
WS Willow 5/14/2 007 Winters 134 16.30 
WS Willow 5/14/2 007 Winters 134 21.60 
WS Willow 6/26/2 007 Winters 182 146.70 
WS Willow 6/26/2 007 Winters 182 67.70 
WS Willow 9/21/2 007 Winters 102 105.90 
WS Willow 9/21/2 007 Winters 102 79.0 
WS Willow 11/5/2 007 Winters 90 82.50 
WS Willow 11/5/2 007 Winters 90 57.20 
WS Willow 8/27/200 8 Winters 30 175.50 
WS Willow 8/27/200 8 Winters 30 176.00 
NA= No data obtained 
NA*= concentration greater than the 100 ng calibration curve 
<MDL= Below the GC/MS Method Detection Limit 
R.O. = Russian Olive  
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Figure	B	1	Tree	Core	polygons	used	to	estimate	current	TCE	removal	from	existing	and	sampled	trees	
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Appendix C: Surface Volatilization   
 
Table	C	1	Raw	surface	volatilization	data			
Sample name Date 
Collected 
Sampler 
Name 
TCE Flux 
(µg/m2-hr)  Waypoint  
OU2-W2-1-FR 9/22/05 Doucette 0.24 41° 08’14” N 111° 58’ 07” W 
OU2-W2-1-FL 9/22/05 Doucette 0.53 41° 08’14” N 111° 58’ 07” W 
OU2-W2-2-FR 9/22/05 Doucette 0.24 41° 08’14” N 111° 58’ 07” W 
OU2-W2-2-FL 9/22/05 Doucette 0.44 41° 08’14” N 111° 58’ 07” W 
U2-020-1-FR 9/22/05 Doucette 8.10 41° 08’14” N 111° 58’ 07” W 
U2-020-1-FL 9/22/05 Doucette 8.59 41° 08’14” N 111° 58’ 07” W 
U2-020-2-FR 9/22/05 Doucette 10.64 41° 08’14” N 111° 58’ 07” W 
U2-020-2-FL 9/22/05 Doucette 8.86 41° 08’14” N 111° 58’ 07” W 
Poplar 3 5/15/208 Winters 0.03 41° 08’14” N 111° 58’ 07” W 
Poplar 3 6/20/208 Winters 1.24 41° 08’14” N 111° 58’ 07” W 
Poplar 3 6/20/208 Winters 1.26 41° 08’14” N 111° 58’ 07” W 
Poplar 3 8/14/08 Winters 20.63 41° 08’14” N 111° 58’ 07” W 
Sap flow 5/15/208 Winters 0.08 41° 08’14” N 111° 58’ 07” W 
Sap flow 6/20/08 Winters 0.25 41° 08’14” N 111° 58’ 07” W 
Sap flow 6/20/08 Winters 2.06 41° 08’14” N 111° 58’ 07” W 
U2-046 5/15/08 Winters 7.70 41° 08’ 13” N 111° 58’ 08” W 
U2-046 5/15/08 Winters 12.70 41° 08’ 13” N 111° 58’ 08” W 
Sap flow 5/15/08 Winters 1.90 41° 08’14” N 111° 58’ 07” W 
Willow 1 5/15/08 Winters NA 41° 08 ‘12” N 111° 58’ 06” W 
U2-080 5/15/08 Winters NA 41° 08’ 14” N 111° 58’ 07” W 
WIllow1 5/15/08 Winters 9.20 41° 08’ 12” N 111° 58’ 06” W 
u2-080 5/15/08 Winters 14.20 41° 08’14” N 111° 58’ 07” W 
U2-046 8/14/08 Winters 136.50 41° 08’ 13” N 111° 58’ 08” W 
Poplar 3 8/14/08 Winters 495.10 41° 08’14” N 111° 58’ 07” W 
U2-020 8/14/08 Winters 1.00 41° 08’14” N 111° 58’ 07” W 
WIllow1 8/14/08 Winters 11.70 41° 08’ 12” N 111° 58’ 06” W 
WIllow1 8/14/08 Winters 11.20 41° 08’ 12” N 111° 58’ 06” W 
WIllow1 8/14/08 Winters NA 41° 08’ 12” N 111° 58’ 06” W 
SF1 8/28/14 Diamond 0.001 41° 08’ 12” N 111° 58’ 10” W 
SF2 8/28/14 Diamond 3.97 41° 08’ 12” N 111° 58’ 10” W 
SF3 8/28/14 Diamond 0.084 41° 08’ 13” N 111° 58’ 08” W 
SF4 8/28/14 Diamond 11.94 41° 08’ 12” N 111° 58’ 10” W 
SF5 8/28/14 Diamond 0.31 41° 08’ 12” N 111° 58’ 10” W 
SF6 9/17/13 Diamond 2.43 41° 08’ 12” N 111° 58’ 10” W 
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Table	C	1	Continued	
Sample name Date 
Collected 
Sampler 
Name 
TCE Flux 
(µg/m2-hr)  Waypoint  
SF7 9/17/13 Diamond 1.517 41° 08’ 13” N 111° 58’ 08” W 
SF8 7/2/14 Diamond 3.016 41° 08’ 13” N 111° 58’ 08” W 
SF9 7/11/13 Diamond 4.285 41° 08’ 13” N 111° 58’ 08” W 
SF10 7/11/13 Diamond 1.629 41° 08’ 12” N 111° 58’ 10” W 
SF11 7/11/13 Diamond 20.912 41° 08’ 12” N 111° 58’ 09” W 
SF12 7/11/13 Diamond 29.841 41° 08’ 12” N 111° 58’ 09” W 
SF13 9/17/13 Diamond 0.204 41° 08’ 12” N 111° 58’ 09” W 
SF14 9/17/13 Diamond 9.628 41° 08’ 12” N 111° 58’ 09” W 
SF15 7/11/13 Diamond 0.054 41° 08’ 12” N 111° 58’ 07” W 
SF16 7/19/13 Diamond 2.009 41° 08’ 13” N 111° 58’ 08” W 
SF17 7/19/13 Diamond 0.270 41° 08’ 12” N 111° 58’ 07” W 
SF18 9/17/13 Diamond 0.009 41° 08’ 13” N 111° 58’ 08” W 
SF19 9/17/13 Diamond 0.032 41° 08’ 12” N 111° 58’ 07” W 
SF20 7/2/14 Diamond 0.031 41° 08’ 12” N 111° 58’ 07” W 
SF21 7/11/13 Diamond 0.436 41° 08’ 12” N 111° 58’ 10” W 
SF22 7/11/13 Diamond 0.509 41° 08’ 12” N 111° 58’ 10” W 
SF23 7/11/13 Diamond <MDL 41° 08’ 12” N 111° 58’ 10” W 
SF24 7/11/13 Diamond 1.007 41° 08’ 12” N 111° 58’ 10” W 
SF25 8/20/13 Diamond 2.204 41° 08’ 13” N 111° 58’ 08” W 
SF26 9/17/13 Diamond 0.010 41° 08’ 12” N 111° 58’ 05” W 
SF27 9/17/13 Diamond 0.460 41° 08’ 12” N 111° 58’ 05” W 
SF28 9/17/13 Diamond 0.189 41° 08’ 12” N 111° 58’ 06” W 
SF29 7/2/14 Diamond 0.011 41° 08’ 12” N 111° 58’ 06” W 
SF30 7/11/13 Diamond 0.010 41° 08’ 12” N 111° 58’ 07” W 
SF31 7/11/13 Diamond 0.059 41° 08’ 12” N 111° 58’ 05” W 
<MDL= Below the GC/MS Method Detection Limit 
NA= No data obtained 
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Figure	C	1	Photo	of	polygon	boundaries	used	for	surface	volatilization	scaling	for	predicting	future	
removal	of	TCE	from	a	demonstration	plot	containing	40	trees	over	the	seep	area	
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Figure	C	2	Photo	of	polygon	boundaries	used	to	estimate	current	removal	via	surface	volatilization	
based	on	surface	flux	sampling	locations	
	
	
	
 
 
 
 
 
 
 
 
 
 
 
 79 
 
Appendix D: Trunk Volatilization 
	
Table	D	1	Raw	trunk	volatilization	data	
Tree Id Sample Date Sampler Name 
TCE Flux  
(µg/m2-hr)  
Maple 7/19/13 Diamond 9.74 
Old Pop 7/11/13 Diamond 5.37 
Old Pop 7/19/13 Diamond 5.89 
Old Pop 8/20/13 Diamond 10.08 
Old Pop 6/5/14 Diamond 26.15 
Old Pop 6/26/14 Diamond 14.83 
Old Pop 7/17/14 Diamond 16.55 
Old Pop 7/17/14 Diamond 21.13 
Old Pop 7/17/14 Diamond 4.52 
Old Pop 7/17/14 Diamond 6.57 
Old Pop 10/8/14 Diamond 3.08 
Old Pop 10/8/14 Diamond 5.74 
OU2-24 6/26/14 Diamond 2.79 
OU2-24 7/2/14 Diamond 34.02 
OU2-24 7/2/14 Diamond 0.44 
OU2-24 7/2/14 Diamond 0.42 
Ou2-34 6/5/14 Diamond 1.44 
Ou2-34 6/26/14 Diamond 2.04 
Ou2-34 8/22/14 Diamond 10.73 
Ou2-34 8/22/14 Diamond 2.59 
Willow 8/22/14 Diamond 0.48 
Willow 8/22/14 Diamond 0.42 
Willow 10/8/14 Diamond 1.39 
Willow 10/8/14 Diamond 0.28 
Willow 10/18/06 Winters 0.13 
Willow 9/18/06 Winters 0.02 
Willow 9/18/06 Winters 0.02 
Willow 9/18/06 Winters 0.01 
Willow 5/16/07 Winters 0.22 
Willow 5/16/07 Winters NA** 
Willow 5/16/07 Winters 0.12 
Willow 5/17/07 Winters 0.36 
Willow 5/17/07 Winters 0.01 
Willow 5/17/07 Winters 0.02 
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Table	D	1	Continued		
Tree Id Sample Date Sampler Name 
TCE Flux  
(µg/m2-hr)  
Willow 6/26/07 Winters 1.48 
Willow 6/26/07 Winters 0.61 
Willow 6/26/07 Winters 0.04 
Willow 6/26/07 Winters 0.25 
Willow 6/26/07 Winters 0.29 
Willow 6/26/07 Winters 0.55 
Willow 9/12/07 Winters 0.13 
Willow 9/12/07 Winters 2.20 
Willow 9/12/07 Winters 5.54 
WS Pop 10/18/06 Winters 0.03 
WS Pop 9/18/06 Winters NA** 
WS Pop 9/18/06 Winters 0.02 
WS Pop 9/18/06 Winters 0.01 
WS Pop 5/15/07 Winters 0.02 
WS Pop 5/15/07 Winters NA** 
WS Pop 5/15/07 Winters 0.01 
WS Pop 6/26/07 Winters 0.01 
WS Pop 6/26/07 Winters 0.03 
WS Pop 6/26/07 Winters 0.02 
WS Pop 6/26/07 Winters 0.05 
WS Pop 6/26/07 Winters 0.09 
WS Pop 6/26/07 Winters 0.07 
WS Pop 9/14/07 Winters 0.13 
WS Pop 9/14/07 Winters 0.07 
WS Pop 9/14/07 Winters 0.01 
WS Pop 8/20/13 Diamond 2.32 
WS Pop 6/5/14 Diamond 2.36 
WS Pop 8/22/14 Diamond 0.18 
WS Pop 8/22/14 Diamond 0.32 
WS Pop 10/8/14 Diamond 1.09 
WS Pop 10/8/14 Diamond 1.22 
WS Willow 5/17/07 Winters NA** 
WS Willow 5/17/07 Winters NA** 
WS Willow 5/17/07 Winters NA** 
 
 
 
 81 
 
 
 
Table	D	1	Continued		
Tree Id Sample Date Sampler Name 
TCE Flux  
(µg/m2-hr)  
WS Willow 6/26/07 Winters 0.01 
WS Willow 6/26/07 Winters 0.01 
WS Willow 6/26/07 Winters 0.08 
WS Willow 9/14/07 Winters NA** 
WS Willow 9/14/07 Winters 0.01 
WS Willow 9/14/07 Winters 0.01 
WS Willow 9/14/07 Winters 0.01 
WS Willow 9/14/07 Winters 0.02 
WS Willow 9/14/07 Winters 0.02 
WS Willow 10/9/14 Diamond 1.23 
WS Willow 10/9/14 Diamond 0.36 
NA= No data was obtained 
NA*= Concentration greater than 100 ng calibration curve 
NA** historical data containing an error  
<MDL of the GC/MS 
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Figure	D	1	Photo	of	polygon	boundaries	used	for	trunk	volatilization	scaling	for	the	future	prediction	of	
a	phytoremediation	demonstration	plot	containing	40	trees	located	over	the	seep	area	
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Figure	D	2	Photo	of	trunk	volatilization	polygon	boundaries	used	to	estimate	the	current	removal	of	TCE	
at	HAFB	
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Appendix E: Leaf Volatilization  
	
	
Table	E	1	Raw	leaf	volatilization	sampling	results	
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Table	E	1	Continued	
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Table	E	2	Raw	transpiration	data	for	Weber	County,	UT	(2012)	
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Figure	E	1	Photo	of	Leaf	volatilization	polygons	used	to	estimate	the	current	removal	of	TCE	at	HAFB	OU2	
	
 
 
	
	
	
	
